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Abstract
Esophageal squamous cell carcinoma (ESCC) is the 6th deadliest cancers worldwide. Although it is more
prevalent in eastern world, it accounts for 90% of esophageal cancer worldwide. Late stage diagnosis and
resistance to therapy has resulted in a poor 5-year survival rate of 20%. Alcohol consumption is a major
environmental risk factor for developing ESCC. Acetaldehyde, a by-product of alcohol metabolism is a
potent human carcinogen. Furthermore, single nucleotide polymorphisms (SNPs) in the alcohol
metabolizing enzyme Aldehyde dehydrogenase (ALDH)-2 is strongly associated with ESCC. However,
there is very limited understanding underlying the interaction between alcohol and the esophageal
epithelium. Here, we utilize in vitro, ex vivo and in vivo models to study alcohol-mediated cellular injury
and cytoprotective mechanisms in esophageal keratinocytes. Here we utilize RNA-Seq to identify
dramatic decrease in genes and pathways associated with DNA repair and Mitochondria in alcohol
exposed human esophageal keratinocytes. Alcohol caused significant structural damage to mitochondria
which translated into decreased mitochondrial functional output leading to a combination of metabolic
and oxidative stress. Autophagy maintained cell viability and mitochondrial homeostasis under alcohol
induced stress. Autophagy induction was accompanied by a simultaneous activation of AMPK and
inhibition of mTORC1. Loss of ALDH2 increased the susceptibility of esophageal keratinocytes to alcohol
and acetaldehyde mediated toxicity and cell death. Cells were more reliant on autophagy in the absence
of ALDH2 to negate alcohol-induced oxidative stress and DNA damage. In summary, the current work
offers insight into alcohol-induced metabolic and oxidative stress in esophageal keratinocytes as the
potential source of cellular injury. Finally, autophagy could be a key cytoprotective pathway in modulating
response to alcohol-induced stress.
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ABSTRACT
MECHANISMS UNDERLYING ALCOHOL-MEDIATED CELLULAR INJURY IN
ESOPHAGEAL KERATINOCYTES
Prasanna M. Chandramouleeswaran
Hiroshi Nakagawa M.D., Ph.D. and Anil Rustgi M.D.

Esophageal squamous cell carcinoma (ESCC) is the 6th deadliest cancers worldwide.
Although it is more prevalent in eastern world, it accounts for 90% of esophageal cancer
worldwide. Late stage diagnosis and resistance to therapy has resulted in a poor 5-year
survival rate of 20%. Alcohol consumption is a major environmental risk factor for
developing ESCC. Acetaldehyde, a by-product of alcohol metabolism is a potent human
carcinogen. Furthermore, single nucleotide polymorphisms (SNPs) in the alcohol
metabolizing enzyme Aldehyde dehydrogenase (ALDH)-2 is strongly associated with
ESCC. However, there is very limited understanding underlying the interaction between
alcohol and the esophageal epithelium. Here, we utilize in vitro, ex vivo and in vivo models
to study alcohol-mediated cellular injury and cytoprotective mechanisms in esophageal
keratinocytes. Here we utilize RNA-Seq to identify dramatic decrease in genes and
pathways associated with DNA repair and Mitochondria in alcohol exposed human
esophageal keratinocytes. Alcohol caused significant structural damage to mitochondria
which translated into decreased mitochondrial functional output leading to a combination
of metabolic and oxidative stress. Autophagy maintained cell viability and mitochondrial
homeostasis under alcohol induced stress. Autophagy induction was accompanied by a
simultaneous activation of AMPK and inhibition of mTORC1. Loss of ALDH2 increased
the susceptibility of esophageal keratinocytes to alcohol and acetaldehyde mediated
toxicity and cell death. Cells were more reliant on autophagy in the absence of ALDH2 to
negate alcohol-induced oxidative stress and DNA damage. In summary, the current work
vii

offers insight into alcohol-induced metabolic and oxidative stress in esophageal
keratinocytes as the potential source of cellular injury. Finally, autophagy could be a key
cytoprotective pathway in modulating response to alcohol-induced stress.
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CHAPTER 1: Introduction
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Esophageal epithelium
The esophagus serves as the channel for food transport from the mouth to the stomach.
The esophagus is made up of 4 distinct layers of tissues: mucosa, submucosa, muscularis
propria and muscularis adventitia. In humans, esophagus is lined by non-keratinized
stratified squamous epithelium. The epithelium primarily serves as a barrier and is
compartmentalized into multiple layers. Furthermore, the epithelium serves as the first line
of defense against pathogenic and environmental triggers of esophageal pathologies.
The basal layer is a single layer of epithelial cells at the bottom of the epithelium that sits
directly on top of the basement membrane. This basal layer contains proliferative cells
and is hypothesized to harbor the stem cells of the esophagus. The identity of these stem
cells are a topic of intense debate. Basal cells express Keratin 5 (KRT5), Keratin 14
(KRT14) and the transcription factors p63 and SOX2 (Daniely et al., 2004, Rodriguez et
al., 2010). Above the basal layer is the supra-basal layer consisting of layers of cells
entering the differentiation program. Cells of the suprabasal layer are characterized by
their expression of KRT10 and KRT13. As the cells move towards the lumen, they
undergo terminal differentiation and begin to express involucrin, loricin and filaggrin,
proteins that are involved in the formation of cross-linked envelope. Interestingly, in mice
but not humans, the cells further undergo enucleation followed by the deposition of keratin,
a process reminiscent of skin development. The dead cells of the terminally differentiated
layer are constantly shed into the esophageal lumen. The loss of cells at the luminal layer
places the requirement for constant self-renewal to maintain the epithelial structure.
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Stem cells of the esophagus
As mentioned previously, stem cells are speculated to reside within the basal layer of the
esophageal epithelium. The exact identity of these stem cells in the basal layer remains a
matter of intense debate. Interestingly, two lines of thoughts have emerged to define the
population of basal cells. While one line of thought attributes all the basal cells to be of a
homogeneous population, another ascribes to the idea of heterogeneity within the basal
cell compartment (Figure 1) (Zhang et al., 2017). A series of studies performed in the
laboratory of Dr. Phil Jones suggests the presence of a single homogenous population of
basal cells which maintains the normal esophageal epithelium (Alcolea et al., 2014, Frede
et al., 2016, Doupe et al., 2012). These elegant studies demonstrate that under conditions
of homeostasis basal cells divide in a stochastic fashion to give rise to equal proportions
of proliferating and differentiating cells.

Interestingly, under conditions of injury, the

balance tilted more towards proliferating cells and was maintained so until the conclusion
of wound healing.
In contrast, numerous studies have identified different sub-sets of basal cells expressing
distinct markers as candidates for stem cells. Seery et al first reported the presence of 2
distinct populations of basal cells differing in their proliferation capability, symmetry of
division and expression of specific integrin molecules (Seery and Watt, 2000). By contrast,
Kalabis et al, identified a sub-population of basal cells called side population with potential
stem cell like properties (Kalabis et al., 2008). These cells expressed CD34 and showed
remarkable ability to reconstitute squamous epithelial morphology in ex-vivo 3D
organotypic cultures. A recent study by DeWard et al, utilized the novel 3D organoid
system to identify subset of cells in the basal layer with organoid initiation ability (DeWard
et al., 2014). The authors identified differential expression of Integrin α6, β1 and β4
3

amongst the cells of the basal layer. Interestingly, a subset of basal cells with high
expression of integrin α6, β4 and CD73 demonstrated high organoid formation ability while
maintaining high degree of proliferation. The authors designate this population to
represent the non-quiescent stem cell population of the mouse esophagus. Finally, Giroux
et al recently described a long-lived population of keratin 15 (KRT15) + cells in the basal
layer of the esophagus (Giroux et al., 2017). The group utilized in vivo lineage tracing and
ex-vivo 3D organoid system to demonstrate stem/progenitor cell functionality of KRT15+
cells. Additionally, KRT15+ cells were identified to radio-resistant and were indispensable
for regeneration of esophageal epithelium post radiation injury.
Regulation of epithelial differentiation
Maintenance of the esophageal epithelial “proliferation-differentiation” gradient requires
rapid and consistent self-renewal throughout the life time of an organism. This is
accomplished by maintaining a balance between loss of dead cells and emergence of new
proliferating cells in the basal layer. As one can imagine, such a complex system would
require tight regulation and fine tuning. This is achieved via two key signaling pathways:
Notch signaling and Bone Morphogenic Protein (BMP) signaling.
The Notch Signaling Pathway
The Notch pathway is a critical regulator of cell fate, including proliferation, apoptosis and
differentiation, across diverse cell types. The mammalian Notch family consists of four
single-pass transmembrane receptors (Notch 1-4) and five single-pass transmembrane
ligands (Jagged1/2, Delta-like 1, 3 and 4). Cell contact is essential for Notch signaling as
ligands present on signal-sending cells bind to receptors present on signal-receiving cells.
This receptor-ligand interaction results in ADAM10 and γ-secretase-mediated receptor
4

cleavage and nuclear translocation of the intracellular domain of Notch (ICN). Nuclear
ICN then forms a transcriptional activation complex with the transcription factor CSL (a.k.a.
RBPJ) and the co-activator Mastermind-like (MAML) that modulates expression of target
genes including the HES/HEY family of transcription factors (Kopan and Ilagan, 2009). In
addition to canonical CSL/MAML-dependent transcriptional regulation, ICN may interact
with a number of other transcription factors, including SMAD and NF-κB family members,
to modulate expression of target genes (McElhinny et al., 2008, Blokzijl et al., 2003,
Kamakura et al., 2004).
Role of Notch signaling in epithelial differentiation
Notch1 and Notch2 are robustly expressed in human esophageal epithelial cells in vitro
with very little to no expression of Notch3 and Notch4 (Ohashi et al., 2010). In vivo, Notch1
and Notch3 are expressed and active in the suprabasal layer and a subset of basal cells
in the normal human esophageal epithelium (FIGURE 2) (Ohashi et al., 2010). Notch1 is
critical as Notch2 or Notch3 cannot compensate for Notch1 loss; however, Notch3 has a
modulatory role in mouse skin (Pan et al., 2004, Demehri et al., 2009). Perturbation of
Notch signaling impairs squamous cell differentiation causing epidermal barrier defects
and chronic inflammation to facilitate chemically-induced carcinogenesis in mouse skin,
suggesting a tumor suppressor role for the pathway in SCC (Blanpain et al., 2006, Lee et
al., 2007, Rangarajan et al., 2001, Demehri et al., 2009). In accordance with this idea, it
has been demonstrated that Notch1 facilitates squamous cell differentiation in esophageal
keratinocytes via direct CSL-mediated activation of Notch3 (Ohashi et al., 2010). Notch3
in turn controls the differentiation process by simultaneously activating the differentiation
program and inhibiting the expansion of EMT competent cells (Ohashi et al., 2010, Ohashi
et al., 2011). Furthermore, pharmacological and genetic inhibition of Notch signaling in a
5

3D esophageal organoid system results in the expansion of basal layer and impaired
differentiation (Kasagi et al., 2018).
BMP signaling pathway
Bone morphogenetic proteins (BMPs) are a group of signaling molecules belonging the
transforming growth factor (TGF)-β superfamily. At the time of its discovery in the 1960s
it was found to promote bone formation, hence the name (Urist, 1965). Studies over time
have identified crucial role of the BMP signaling pathway in diverse developmental and
cellular functions including embryogenesis and adult tissue maintenance. The importance
of BMP signaling is underlined by the embryonic lethality in mice lacking several of the
individual BMP proteins (Wang et al., 2014).
Role of BMP signaling in epithelial differentiation
BMP signaling pathway has diverse roles in the esophagus. Firstly, BMP expression is
activated in the developing mouse esophagus at E14.5 and restricted to the suprabasal
layer (Rodriguez et al., 2010). Inhibition of BMP signaling in the developing mouse
embryos result in failure of the stratified epithelium to differentiate. Furthermore, studies
using ex-vivo 3D organoid systems demonstrated the requirement of low BMP signaling
for the maintenance of self-renewal capability in basal cells (DeWard et al., 2014). On the
contrary, exogenous activation of BMP signaling results in decreased proliferation and
enhanced differentiation as observed by enhanced expression of terminal differentiation
markers (Jiang et al., 2015a)
Esophageal carcinoma
Esophageal cancers are the 6th major cause of cancer related death worldwide. The
American cancer society estimates diagnosis of 17,650 (1% of all new cancers) new cases
6

and 16,080 (2.6% of all cancer related death) esophageal cancer related death in the year
2019. While esophageal cancers account for only 1% of all cancers in the United States,
they have higher prevalence in countries like China, Japan, India and Iran. There are 2
major sub-types of esophageal cancer: Esophageal adenocarcinoma (EAC) and
esophageal squamous cell carcinoma (ESCC). Anatomically, EAC is primarily localized to
the distal part of the esophagus while ESCC presents in the proximal part (Rustgi and ElSerag, 2014a). While EAC is more prevalent in western countries, ESCC still accounts for
90% of esophageal cancers (Rustgi and El-Serag, 2014a). The current 5 year survival rate
amongst patients with esophageal cancer is around 20%. This is a stark improvement
compared to abysmal 5% in the 1970s. Majority of the cancer related death in esophageal
cancer is attributed to the late diagnosis, by which point the cancer has metastasized to
distant organs. This is reflected in the 5-year survival rate of 4.8% in patients presenting
with metastasis vs 46.7% with localized tumor. Additionally, Many ESCC subjects also
develop resistance to currently existing therapy.
Clinical presentation/symptoms and precursor lesions
Both EAC and ESCC present with very similar clinical symptoms that include dysphagia,
heartburn that does not respond to standard therapy and weight loss (Rustgi and El-Serag,
2014a, Pennathur et al., 2013a). Both cancers differ in type of precursor lesions preceding
carcinogenesis. In EAC, the precursor lesion called Barrett’s esophagus arises as a result
of chronic exposure of the esophageal epithelium to acidic contents of the stomach.
Barret’s esophagus is characterized by replacement of the esophageal squamous
epithelium with a columnar one (Spechler and Souza, 2014). Interestingly, majority of
patients diagnosed with EAC do not present with Barrett’s esophagus (Rustgi and ElSerag, 2014a). The precursor lesions of ESCC is esophageal squamous dysplasia, also
7

referred to as Intraepithelial neoplasia (IEN). Patients diagnosed with severe dysplasia
have a 30% chance of developing ESCC (Wang et al., 2005).
Development and progression of ESCC
ESCC develops in a step-wise fashion where a normal esophageal epithelium progresses
from a low-grade dysplasia to high-grade dysplasia followed by full blown carcinoma
(Ohashi et al., 2015b). These dysplastic lesions are diagnosed using lugol
chromoendoscopy (Mori et al., 1993). The Lugol iodine solution reacts with glycogen
which is present abundantly onn normal keratinocytes but are greatly diminished in
neoplastic tissues. Thus, the solution only stains normal tissue while excluding from
neoplastic lesions. Once established, the carcinoma grows eventually spreading to distant
organs. A thorough system has been developed to classify the stage of the tumors known
as the TNM (Tumor, node, Metastasis) system (Pennathur et al., 2013a). The TNM system
takes into account 3 key parameters: depth of tumor invasion, status of the lymph nodes,
presence or absence of metastasis. The T stage is sub-divided into 5 stages (stage 0- IV)
where increasing stages indicate increased tumor invasion. The N stage is further divided
into 4 stages (N0-N3) where N0 indicates no lymph node involvement and N3 indicates
the involvement of ≥7 regional lymph nodes. Finally, the M stage has 2 sub-stages M0 for
no distant metastasis and M1 for distant metastasis (Pennathur et al., 2013a, Rustgi and
El-Serag, 2014a, Ohashi et al., 2015b). The TNM system is crucial for the selection of
most effective therapy regimen.
Mutational landscape in ESCC
A meta-analysis of 543 ESCC samples identified C>T transitions and C>G transversions
as the most commonly occurring mutations (Li et al., 2018). The C>T transitions were
8

observed at CpG and at TpCp[A/T] trinucleotide, the latter a signature associated with
high APOBEC activity (Roberts et al., 2013). Interestingly, this study identified a unique
mutational signature associated with alcohol consumption that was characterized by T>C
at the trinucleotide ApTp[A/G/T]. This signature was also found to be present in Head and
Neck Squamous cell cancers and Liver cancers. In addition, G/A transition, a mutation
signature known to be induced by the alcohol metabolite acetaldehyde has also been
reported in ESCC (Lin et al., 2014). These are intriguing considering a well-accepted role
for alcohol consumption in ESCC carcinogenesis (will be discussed later).
Numerous studies conducted over the past decades have comprehensively documented
the genetic, epigenetic, transcriptional and protein level changes occurring in ESCC.
Whole genome and whole exome sequencing have identified mutations in genes
regulating cell cycle (p53, CCND1, CDKN2A and FBXW7), NOTCH (NOTCH1 and
NOTCH3), WNT (FAT1, YAP1 and AJUBA) and epigenetic (KMT2D, KMT2C, KMD6A,
EP300 and CREBP) pathways (Sawada et al., 2016, Qin et al., 2016, Gao et al., 2014).
P53 is the most highly mutated gene is ESCC with some studies reporting mutations in up
to 93% of tumor samples (Gao et al., 2014). Other cell cycle related genes are mutated
between 4%-20%. Interestingly, epidermal growth factor receptor (EGFR) overexpression
and/or amplification but not mutation is observed in more than 50% of ESCC tumors
(Ohashi et al., 2015b). Moreover, a high percentage of mutations and/or amplifications
have been found in the downstream components of the EGFR pathway (Song et al.,
2014).Furthermore, these genetic changes are usually associated with decreased survival
and poorer prognosis (Gao et al., 2014)
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Notch signaling in squamous cell carcinoma (SCC)
Notch is mutated in about 22% of ESCC population. While mutations in Notch1 constitute
the majority of Notch mutations in ESCC (up to 21%), additional mutations have been
identified in Notch2 and Notch3 (Qin et al., 2016, Sawada et al., 2016, Gao et al., 2014).
Interestingly, none of these mutations have been functionally characterized in ESCC.
Notch signaling has been shown to have context dependent tumor promoting and tumor
suppressive roles in SCC. We and others have previously demonstrated that the tumor
suppressive role of Notch may arise from its ability to regulate cellular senescence
checkpoint functions (Cui et al., 2013, Kagawa et al., 2015). Notch3 overexpression in
human breast cancer cells leads to arrest of cell cycle process, further elaborating its role
in regulating cell cycle regulation (Chen et al., 2016). Consistent with these observations,
activation of notch signaling inhibited expansion of tumor cells in an in vivo model of
hepatocellular carcinoma (HCC) (Viatour et al., 2011). On the contrary, activated/upregulated Notch3 has been associated with metastasis and poor patient prognosis in Nonsmall cell lung cancer (NSCLC), ovarian cancer and Head and neck SCC (HNSCC) (Liu
et al., 2014, Hu et al., 2014, Lee et al., 2016).
Recent work from our lab has demonstrated the role for notch signaling in transforming
growth factor (TGF)-β mediated generation and maintenance of “Tumor initiating cells
(TICs)” (Natsuizaka et al., 2017). Notch1 was transiently activated during TGF-β-mediated
generation of CD44high (CD44H) TICs. Interestingly, epithelial-mesenchymal transition
(EMT) was involved in notch-mediated generation of TICs. Furthermore, pharmacological
and genetic inhibition of Notch signaling resulted in decreased tumor growth in a xenograft
model in vivo and generation of CD44H TICs in vitro.
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Polymorphisms in ESCC
Several studies have identified polymorphisms in genes such as TP53, COX2, MDM21
and CASP8 as risk factors for ESCC (Hong et al., 2005, Sun et al., 2007, Guo et al., 2007).
A recent study analyzed publically available ESCC GWAS dataset from NCI containing
2100 controls and 1898 tumor cases (Yang et al., 2015). This study identified 7 causative
candidates SNPs in 5 genes: TDC (rs4135113), MBL2 (rs1800450), CASP8 (rs3769823),
PLCE1 (rs11187870, rs3765524, rs2274223) and UCP3 (rs647126).
Fanconi anemia (FA)
FA is an autosomal recessive disorder resulting in bone marrow failure and early onset of
cancer (Nalepa and Clapp, 2018). FA is associated with high level of genomic instability
arising from mutations in the genes of the FA pathway which are involved in DNA damage
response. Incidentally, mutations in the FA pathway genes such as FANCD1 (BRCA2),
FANCA, FANC2, FANCE and FANCL have been identified in ESCC and HNSCC samples
and have been suggested as a risk factor for both cancers (Akbari et al., 2011a,
Chandrasekharappa et al., 2017)
Alcohol dehydrogenase (ADH)
ADH are a family of enzymes that are primarily involved in the oxidation of endogenous
alcohol generated by the gut microbiome and exogenous ethanol from food consumption
(Cederbaum, 2012). The ADH family is sub-divided into 5 distinct classes (Class I- V)
based on the structural and kinetic properties (Cederbaum, 2012, Crabb et al., 2004).
Amongst these, the Class I ADH isoforms comprising of ADH1A, ADH1B and AHD1C are
most important for alcohol metabolism. The ADH1B isoform which codes for the β subunit
forms homodimers or heterodimers with ADH1A (α subunits) and ADH1C (γ subunits).
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Furthermore, ADH1B has the lowest Km for alcohol (Km=0.05-34 mM) (Crabb et al.,
2004). ADH1B is expressed highly in the liver and fat tissues in addition to low level
expressions detected in numerous other tissue types including the esophagus.
Numerous SNPs have been identified in the ADH1B gene of which the rs122998
(Arg47His) SNP in codon 3 of ADH1B has been the focus of many studies (Macgregor et
al., 2009, Guo et al., 2012a). The amino acid transition from arginine to histidine increases
the rate of alcohol clearance by as much as 40 times (His/His vs Arg/Arg) (Bosron and Li,
1986). Presence of the fast ADH1B allele (Arg/His or His/His) is associated with decreased
flushing response and increased tolerance to alcohol (Macgregor et al., 2009).
A meta-analysis of more than 24,000 subjects identified significant association between
the rs122998 SNP and risk for upper aerodisgestive tract cancer (Guo et al., 2012a). In
particular, the presence of the slow ADH1B (Arg/Arg) in drinkers increased the risk for
cancer by as much as 20 times compared to non-drinkers with the fast ADH1B (His/His).
Similar results were obtained in another study that was more focused on the role of ADH1B
polymorphisms in esophageal cancer (Mao et al., 2016). Interestingly, a case control study
performed on a Caucasian cohort did not identify any significant association between
ESCC/EAC and functional genotypes of the alcohol metabolizing enzymes (Dura et al.,
2013). This study was however limited by the sample size compared to the earlier studies
performed in Asian cohorts.
Aldehyde dehydrogenase-2 (ALDH2)
The ALDH2 gene is located on chromosome 12 and encodes a 517 amino acid
polypeptide containing a 17 amino acid mitochondria targeting sequence at the amino
terminus (Braun et al., 1987). The targeting sequence is cleaved in the mitochondrial
12

matrix to facilitate proper protein folding. The functional ALDH2 protein exists as a
tetramer (dimer of dimers) with each subunit weighing at approximately 56 Kda (Chen et
al., 2014). In mice, ALDH2 is widely expressed in all tissue types with the highest levels
of expression being observed in liver, colon, pancreas and lungs (Oyama et al., 2005).
While the ALDH2 protein is also expressed in murine and human esophageal squamous
cell compartment, the expression is restricted to the basal and suprabasal layer (Oyama
et al., 2005).
The primary function of ALDHs is to metabolize endogenous and exogenous aldehydes.
Of importance, ALDH2 plays a major role in the clearance of alcohol derived acetaldehyde
in the human body. It has the lowest Km for acetaldehyde amongst all the ALDH family
members of which there are 19 (Chen et al., 2014). Aldh2 dysfunction has been linked to
an Aldh2 single nucleotide polymorphism (SNP) rs671, carried by >8% of the entire world
population (Brooks et al., 2009a). This SNP replaces glutamate at position 487 of Aldh2
with lysine (E487K) to generate functional mutant Aldh2 protein (Aldh2E487K also known as
Aldh2*2), decreasing its catalytic activity by >100-fold compared wild-type Aldh2 (Aldh2*1)
(Yoshida et al., 1984, Crabb et al., 2004). The
Aldh2E487K homozygous (Aldh2MUT) individuals cannot consume alcohol due to an intense
physiological response such as nausea and tachycardia (Harada et al., 1981). This alcohol
intolerance reduces ESCC risk (Brooks et al., 2009a). By contrast, Aldh2E487K
heterozygous (Aldh2MUT/WT) individuals can drink alcohol, resulting in significantly elevated
blood, salivary and expiratory acetaldehyde levels (Yokoyama et al., 2010b, Harada et al.,
1981, Muto et al., 2002). These individuals are more susceptible to ESCC than those with
homozygous wild-type Aldh2 (Aldh2WT). Acetaldehyde may have organ-specific roles in
carcinogenesis since the Aldh2 SNP is more strongly associated with ESCC than cancers
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arising in the organ sites of alcohol absorption and metabolism such as the stomach and
the liver (Yokoyama et al., 1998). Alcohol and Aldh2 SNPs are well-established risk factors
in human ESCC; however, life-long alcohol exposure rarely induces ESCC in rodents
(Soffritti et al., 2002, Seitz and Stickel, 2007). Aldh2-/- mice tolerate alcohol drinking
(Amanuma et al., 2015a, Tanaka et al., 2016b), suggesting a potential species difference
in alcohol sensitivity.
Environmental risk factors for ESCC
Tobacco
Cigarette smoking is responsible for about 50% of death amongst the 12 smoking related
cancers (Siegel et al., 2015). Amongst these, cancer of the larynx, lungs and the
esophagus have the highest percentage of smoking related deaths. A large-scale
population based study of 44,970 Japanese men reported increased risk of ESCC in past
smokers (HR=3.27) and current smokers (HR=3.69) (Ishiguro et al., 2009). Furthermore,
the risk of ESCC increased with the amount of smoking with heavy smokers (40+ packyears) presenting with a hazard ratio as high as 4.87 compared with light smokers (<20
pack-years, HR=2.07). However a recent population-based cohort study of 50,045
individuals in the ESCC prevalent Golestan region of Northeast Iran did not identify
smoking to be significantly associated with ESCC risk (Sheikh et al., 2019).
There are about 100 hazardous chemicals in tobacco smoke including 60 different
carcinogens (Talhout et al., 2011). These carcinogens are: PAH, aza-arenes, Nnitrosamines, aromatic amines, heterocyclic amines, aldehydes, volatile hydrocarbons,
nitro carbons, miscellaneous organic compounds and metals and other inorganic
compounds (Pfeifer et al., 2002). These harmful agents are metabolized into non-reactive
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compounds by cytochrome P-450 related enzymes and glutathione S-transferases
(Ohashi et al., 2015b). Interestingly, SNPs associated with increased risk for ESCC have
been identified in the CYP-450 and GST family members suggesting a possible interaction
between the genetic and environmental risk factors.
Alcohol consumption
Alcohol consumption is a major risk factor for numerous cancers (Bagnardi et al., 2015,
Baan et al., 2007). The strongest association between alcohol consumption and risk for
cancer development has been observed in cancers of the oral cavity (RR=5.16) and that
of esophagus (RR=4.95) (Bagnardi et al., 2015). Furthermore, the risk for cancer
increases linearly with the amount of alcohol consumption (Islami et al., 2011). Alcohol
absorbed from stomach and small intestine is routed to the liver which is the major site of
alcohol metabolism and elimination (Paton, 2005). Therefore, the extra-hepatic tissues
are exposed to very low levels of alcohol compared to the tissues of the upper
gastrointestinal tract.
Mechanisms of alcohol mediated cellular injury and carcinogenesis
Acetaldehyde
Most of the carcinogenic effects of alcohol is attributed to its toxic metabolite,
acetaldehyde (AA). Acetaldehyde is generated via alcohol dehydrogenase (ADH)
mediated oxidation of alcohol in human livers. In addition to ADH, the microsome resident
Cytochrome P450 2E1 (CYP2E1) and peroxisome resident catalase enzymes contribute
to alcohol metabolism and acetaldehyde generation. CYP2E1 is induced upon chronic
alcohol consumption and plays a prominent role in alcohol metabolism in tissue types with
low ADH expression such as brain (Wickramasinghe, 1987, Zimatkin et al., 2006, Jin et
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al., 2013). Acetaldehyde is also present in high quantities in certain alcoholic beverages
and spirits (Linderborg et al., 2011, Linderborg et al., 2008). Additionally, acetaldehyde
can be produced by the oral microbiota (Muto et al., 2000).
The major carcinogenic effect of acetaldehyde is derived from its ability to promote
genotoxic stress. Numerous studies have documented acetaldehyde-mediated DNA
damage including single and double strand breaks, induction of point mutations and
inhibition of DNA repair pathways (Singh and Khan, 1995, Noori and Hou, 2001, Weng et
al., 2018). Acetaldehyde interacts with DNA to form stable adducts which have been
documented in alcohol drinkers (Balbo et al., 2012, Amanuma et al., 2015b). The most
common acetaldehyde-induced DNA adducts is N2-ethylidene-2′-deoxyguanosine (N2EtidG) which is generated by a single acetaldehyde molecule reacting with
deoxyguanosine (dG) (Ohashi et al., 2015b, Seitz and Stickel, 2007) . Reduction of N2EtidG results in the formation of stable N2-ethyl-2′-deoxyguanosine (N2-EtdG). The N2EtdG has been detected in different tissue types in drinkers compared to non-drinkers
(Balbo et al., 2012, Fang and Vaca, 1997). From a functional standpoint, the presence of
N2-EtdG adducts inhibits DNA synthesis across the site of lesion leading to replication
errors and mutations (Upton et al., 2006).
A less abundant but more mutagenic acetaldehyde derive adduct is the α-methyl-γ-OHpropano-deoxyguanosine, also referred to as Cr-PdG (Seitz and Stickel, 2007). The CrPdG adducts formation can be supported by polyamines which is present in desired levels
in highly proliferating cells such as those in the intestinal and esophageal epithelium (He
et al., 2017, Timmons et al., 2012).
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Oxidative stress
Reactive oxygen species (ROS) are highly reactive oxygen containing molecules such as
superoxide (O2-), peroxide (O2=) and hydroxyl radical (.OH). ROS are normally produced
as the byproduct of mitochondrial metabolism under conditions of homeostasis. The
antioxidant pathway plays a crucial in maintaining the ROS levels within the normal range
and protect against ROS induced toxicity and cellular injury. Certain conditions such as
exposure to alcohol can result in the enhanced production of ROS which may or may not
be coupled with decreased antioxidant activity. Such a scenario resulting in an imbalance
between ROS production and clearance resulting in the excessive build-up of ROS is
known as oxidative stress (Halliwell, 1999).
As mentioned earlier, oxidative phosphorylation (OXPHOS) is the major source of ROS.
However, there are many other sources of ROS in the context of alcohol exposure. Few
of them are listed below (Wu and Cederbaum, 2003):
•

Redox imbalance: 2 molecules of NADH are produced during the oxidation of 1
molecule of alcohol. This increase NADH could promote enhanced mitochondrial
respiration and in turn increased ROS levels.

•

Acetaldehyde: AA generated by the oxidation of ADH or CYP2E1 can form adducts
with lipids and proteins can increase ROS. Proteins involved in antioxidant
response pathways are targets of acetaldehyde adducts (Seitz and Stickel, 2006).

•

Mitochondrial damage: As the site of acetaldehyde metabolism, the mitochondria
is at utmost risk of AA mediated structural and functional damage. Inhibition of
respiratory chain complexes (Chen et al., 2007).
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•

CYP2E1: The Cytochrome P450 family of detoxifying enzymes utilize molecular
oxygen resulting in the generation of ROS (Qi et al., 2013). Incidentally, alcoholmediated cellular injury in rat hepatocytes in vivo can be prevented by chemical
inhibition of CYP2E1 further implicating it in alcohol-induced oxidative stress
(Gouillon et al., 2000).

•

Hypoxia: Alcohol metabolism requires oxygen. chronic alcohol consumption could
decrease oxygen levels within cells resulting in mitochondrial dysfunction,
decreased ATP and ROS production (Cunningham and Van Horn, 2003).

Reactive oxygen species (ROS) play key role in cell signaling under homoeostasis. For
example, low to moderate levels of ROS have been shown to regulate proliferation and
self-renewal of stem cells of the airway epithelium (Paul et al., 2014). Alternately, high
levels of ROS promote widespread cellular injury and DNA lesions, a precursor for cellular
transformation, and promote tumor invasion and metastasis (Liou and Storz, 2010). The
GC rich regions of the promoter regions are highly sensitive to oxidative damage. 8hydroxyguanosine (8-OH-G) adducts cause by oxidative damage in the promoter regions
interfere with the binding of transcription factors and inhibits gene transcription (Ghosh
and Mitchell, 1999). The mitochondrial genome is at a higher risk of ROS mediated
damage due to high local concentrations of ROS. Indeed, a study by Shokolenko et al,
identified ROS dependent degradation of mtDNA (Shokolenko et al., 2009). Interestingly,
mutagenic lesions were not abundant in the mtDNA suggesting a protective mechanism
whereby lesions to the sugar phosphate backbone might elicit degradation of mtDNA.
While such a mechanism might work for mtDNA of which there are multiple copies, it
cannot be applied to the nuclear genome of which there is only one copy.
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The hydroxyethyl radicals (HER) generated during alcohol metabolism readily forms HERprotein adducts (Moncada and Israel, 2001, Worrall and Thiele, 2001). These interactions
can result in oxidative of sensitive amino acid residues leading to the loss of function threedimensional architecture of proteins.
Free radical mediated oxidation of lipid components (peroxidation) generates toxic
secondary by-products such as 4-hydroxy noneal (4-HNE) and malondialdehyde (Seitz
and Stickel, 2007). 4-HNE can form extremely mutagenic DNA adducts such as 1,N6ethenodeoxyadenosine (εdA) and 3,N4-ethenodeoxycytidine (εdC) (el Ghissassi et al.,
1995). Interestingly, these adducts preferentially form at the codon 249 of the tumor
suppressor gene TP53 resulting in mutations in p53 (Hu et al., 2002). As mentioned
earlier, p53 is the most highly mutated gene in ESCC with frequencies as high as 90%.
Furthermore, peroxidation of lipids on the plasma membrane and/or intracellular
organelles such as mitochondria could have deleterious effect on cellular functions and
survival.
Cytoprotective mechanisms against alcohol-induced stress
Cells have evolved mechanisms to regulate and maintain ROS levels within the
acceptable range (Yu, 1994). These mechanisms can be classified into 2 categories:
enzymatic and non-enzymatic and are discussed below (Wu and Cederbaum, 2003):
Enzymes involved in the antioxidant response
SODs catalyze the detoxification of superoxide radicals. Three forms of SODs have been
identified in humans based on the cellular localization and metal ions required for their
functioning. The Copper-Zinc containing SOD (CuZn-SOD) is present in the cytosolic
space and the outer membrane space of mitochondria. A second SOD, the manganese
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containing (Mn-SOD) one is present in the mitochondrial matrix. These two SODs play a
major role in preventing ROS mediated cellular damage. The third type of SOD, EC-SOD
is present in the extracellular space. All three SODs are expressed in the esophagus to
differing levels with SOD3 having the highest expression in the squamous epithelium
(Birben et al., 2012). Chronic ethanol consumption mediated liver injury in rats correlate
with decreased SOD2 activity while overexpression of Mn-SOD offers protection against
liver injury (Polavarapu et al., 1998, Wheeler et al., 2001). Thus, the SOD family of
enzymes form a crucial first line of defense against alcohol mediated cellular injury.
Hydrogen peroxide (H2O2) generated from superoxide metabolism is eliminated by 2 major
players; catalase and glutathione peroxidase system. Catalase resides in specialized
intracellular organelles called peroxisomes and catalyze the conversion of H2O2 to water
and O2. The glutathione peroxidase system is a family of tetrameric enzymes which utilize
glutathione (GSH) as co factor to reduce H2O2. The levels and activities of catalase and
GSH-Px system are decreased in the livers of rates exposed to chronic alcohol implicating
their role in maintaining hepatic homeostasis under conditions of oxidative stress
(Polavarapu et al., 1998, Wheeler et al., 2001)
Non-enzymatic antioxidants
GSH is the major non-enzymatic soluble antioxidant. It is present in abundant quantities
in the cell. The GSH/GSSG ratio serves as a marker of oxidative stress. In addition to
serving as a cofactor for the GSH-Px family of antioxidant enzymes, GSH can directly
interact with H2O2 to reduce it to water and O2 (Birben et al., 2012). Several other
nonenzymatic antioxidants are present in the cells including vitamin E (α-Tocopherol)
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which is concentrated in the inner side of plasma membrane and protects against ROS
mediated membrane damage (Wu and Cederbaum, 2003, Birben et al., 2012).
In addition to the enzymatic and non-enzymatic antioxidant pathways mentioned above,
there is one other important cellular pathway involved in the regulation of oxidative stress
known as autophagy. This pathway is discussed in detail below.
Autophagy
Autophagy or “self-eating” is an evolutionarily conserved quality control process involved
in the degradation of cytoplasmic substrates including long-lived proteins and damaged
organelles. Autophagy encompasses 3 sub-categories: macroautophagy (bulk), selective
autophagy (mitophagy, nucleophagy etc.) and chaperone mediated autophagy (CMA).
During autophagy, substrates are targeted to lysosome mediated degradation upon
encapsulation in double membraned vesicles known as autophagosomes (Figure 3).
Although a catabolic process, autophagy is primarily a cytoprotective mechanism. Indeed,
autophagy has beneficial effects in various murine models of organ damage including liver
(Zhang and Cuervo, 2008), heart (Gottlieb and Mentzer, 2010), and muscles (Garcia-Prat
et al., 2016) to name a few. Disruption of autophagy promotes accelerated aging like
phenotype in numerous cell types and tissues (Stranks et al., 2015, Rubinsztein et al.,
2011).
Autophagy Machinery
Macroautophagy and selective autophagy involve encapsulation of the target
proteins/organelles in double membrane vesicles known as autophagosomes for
degradation. Autophagosome formation is initiated with the de novo generation of a
limiting membrane structure referred to as phagophore. This process is regulated by a
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Beclin1-Vps34-Vps15 macromolecular complex (Choi et al., 2013). Vps34, a class III
phosphoinositide 3-kinase promotes phagophore nucleation via the generation of
phosphoinositide 3-phosphate, while Beclin-1 is critical for the activity and localization of
the macromolecular complex. The subsequent elongation step requires 2 ubiquitin-like
conjugation systems; ATG5-ATG7-ATG12 complex and the microtubule associated
protein light chain-3 (LC3) system. Pro-LC3 is cleaved and subsequently lipidated with
phosphatidyl ethanolamine (PE) to generate LC3II which incorporates into the growing
autophagosome. Mature autophagosomes are transported to lysosomes via a microtubule
dependent

transport

mechanism.

Fusion

of

autophagosomes

to

lysosomes

(Autolysosomes) results in the lysosomal hydrolase mediated degradation of
autophagosomal cargo (Figure 3).
Substrate recruitment is a key step in the autopahgic pathway and involves a set of
specialized proteins known as “autophagy receptors” that help in coupling the target
proteins to autophagosomes and eventually degradation. The most well studied of the
autophagy receptors is p62/SQSTM1 which has roles in both macroautophagy and
selective autophagy. p62 sequesters substrates into autophagosomes by binding to
ubiquitylated proteins via its C-terminal UBA domain while simultaneously interacting with
the autophagosome membrane protein LC3B (ATG8) via its LC3 interacting domain (LIR)
(Vadlamudi et al., 1996, Pankiv et al., 2007). This interaction results in the encapsulation
of p62 itself in the autophagosomes leading to its degradation. This has led to the wide
use of intracellular p62 levels as a surrogate marker for autophagic flux (Klionsky et al.,
2012).
While p62 is the primary autophagy receptor for the non-specific macroautophagy, there
are several other receptors that provide target specificity for selective autophagy.
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Mitophagy, the process of selective degradation of mitochondria requires p62 for the
clustering of the damaged mitochondria but not for mitophagy itself (Narendra et al., 2010).
That may involve another autophagy receptor NIX, a mitochondrial membrane protein that
can directly interact with LC3B via its LIR domain (Novak et al., 2010). Similarly,
Nucleophagy, ER-phagy and xenophagy do not seem to require p62 (Dou et al., 2016,
Khaminets et al., 2015, Verlhac et al., 2015).
CMA involves direct transfer of target proteins to lysosomes by specific chaperone
proteins (hsc70) without the involvement of autophagosomes. The target proteins are then
translocated into the lysosomes via transmembrane channels primarily composed of the
lysosome associated membrane protein type 2a (LAMP2A) resulting in their degradation
(Kaushik and Cuervo, 2015). Age associated decrease in CMA results in the accumulation
of damaged/unfolded proteins leading to pathological conditions such as familial
Parkinson’s disease (Cuervo and Dice, 2000, Cuervo et al., 2004). Furthermore,
restoration of CMA in aging rat liver improves cellular maintenance and hepatic function
(Zhang and Cuervo, 2008). Mechanisms underlying this pathway, especially the signaling
events regulating are subject of intense investigation.
Signaling pathways controlling autophagy
Macroautophagy (hereafter referred to autophagy is) under the tight control of two major
nutrient and energy sensors, mechanistic target of rapamycin complex I (mTORC1) and
AMP-activated protein kinase (AMPK). In addition, the nicotinamide adenine dinucleotide
(NAD) dependent deacetylase family of proteins, Sirtuins, also participate in regulating
autophagy under conditions of calorie restriction or starvation.
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1. Mechanistic target of rapamycin (mTORC1)
mTORC1, a serine/Threonine kinase is active under nutrient sufficient conditions and
promotes anabolic processes such as protein synthesis. mTORC1 actively inhibits
autophagy at multiple levels (Figure 4). mTORC1 mediated Phosphorylation inhibits
activation of the autophagy initiating kinase ULK1 (Figure 5), whose downstream
phosphorylation of Beclin1 has been shown to be required for full autophagic induction
(Kim et al., 2013, Egan et al., 2011, Russell et al., 2013). Recent studies have highlighted
a role for mTORC1 mediated transcriptional regulation on autophagy. In one scenario,
mTORC1 phosphorylation of the lysosomal transcription factors TFEB and TFE3 results
in their sequestration in the cytoplasm thus preventing the induction of their downstream
targets which include numerous genes involved in the autophagic pathway (Settembre et
al., 2012, Roczniak-Ferguson et al., 2012, Martina et al., 2014). Alternately, mTORC1
promotes transcriptional repression of autophagy genes via activation of the FoXK family
of transcriptional factors (Bowman et al., 2014). A more recent study has uncovered a
post-transcriptional role for mTORC1 in negative regulation of autophagy by Dcp2
mediated degradation of autophagy gene transcripts (Hu et al., 2015). Taken together,
these findings underscore the role of mTORC1 as a master regulator of the autophagic
pathway.
The role of mTORC1 pathway in targeted autophagy and in CMA has remained largely
elusive. A recent study has demonstrated that the lysosomal transcription factors TFEB
and TFE3 are activated during mitophagy in a PARKIN-Atg5 dependent manner (Nezich
et al., 2015). Interestingly, this process did not require suppression of mTORC1 signaling
which is the mechanism underlying TFEB activation during starvation. This suggests an
additional level of post translational regulation of MIT/TFE family members during
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mitophagy. However, the same study reported loss of Parkin mediated translocation of
TFEB under conditions of constitutive mTORC1 activation. This suggests that mTORC1
can override the mitophagy machinery under specific circumstances and might help
explain age related defects in mitophagy in tissues where mTORC1 expression is
upregulated.
2. 5’ AMP-Activated protein kinase (AMP)
AMPK is the quintessential intracellular energy sensor. It is activated by the
serine/threonine kinase LKB1 upon decreased intracellular ATP levels (Shaw et al., 2004).
Upon activation, AMPK promotes autophagy by multiple mechanisms. First, it directly
suppresses mTORC1 activity by activating the negative regulator of mTOR, ,tuberous
sclerosis factor-2 (TSC2), while simultaneously disrupting the mTORC1 complex by
phosphorylating the mTORC1 adaptor protein raptor (Inoki et al., 2003, Gwinn et al., 2008)
(Figure 5). These phosphorylation events relieve mTORC1 mediated suppression of
autophagy. In addition, AMPK directly activates many of the proteins involved in the
autophagy pathway, prominent of which is ULK1 (Kim et al., 2011). Vps34 and Beclin-1
the key factors required for phagophore formation are also direct targets for AMPK
mediated activation (Kim et al., 2013). Interestingly, interaction between AMPK and ULK1
is disrupted by mTORC1 mediated phosphorylation of ULK1 suggesting that ULK1 may
be the crucial node for integrating autophagy regulating signals (Kim et al., 2011).
PGC-1α, a key target of AMPK, promotes most of the beneficial metabolic effects
associated with exercise in skeletal muscles by activating a transcriptional network
involving genes associated with mitochondrial function and glucose uptake (Jager et al.,
2007). Age associated decrease in AMPK activity results in decreased mitochondrial
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function and dysregulated lipid metabolism in skeletal muscles of aged rats (Reznick et
al., 2007). Furthermore, disruption of AMPK signaling specifically in the skeletal muscles
of mice result in defective autophagy leading to an exacerbated phenotype of age related
myopathy and cardiac dysfunction in old mice (Bujak et al., 2015, Turdi et al., 2010).
3. Sirtuins
Sirtuins are NAD dependent class III deacylases that have key roles in responding to
nutritional and metabolic changes such as dietary restriction. The sirtuin family is
composed of 7 members, SIRT (1-7). The most well studied member of the family, SIRT1,
is localized in the cytoplasm and nucleus and plays a significant role in regulating
autophagy. SIRT1 mediated deacetylation of nuclear LC3 is required for its translocation
to the cytoplasm where it undergoes further processing to be incorporated into growing
autophagosome (Huang et al., 2015). FOXO1, a key transcription factor for autophagy
genes is activated directly by SIRT1 in cardiomyocytes during starvation and promotes
enhanced autophagosome-lysosome fusion (Hariharan et al., 2010). Interestingly, FOXO1
inhibits mTORC1 activity by sestrin mediated activation of AMPK (Lee et al., 2010, Chen
et al., 2010). In addition, there is growing evidence for a direct inhibitory role for SIRT1 on
the mTORC1 pathway (Ghosh et al., 2010, Ou et al., 2014). Based on these latter studies
it is tempting to speculate that SIRT1 acts to fine tune the response of the AMPKmTORC1-ULK1 axis to regulate autophagy.
Protective role for autophagy under alcoholic stress
Alcohol activates autophagy in different cell types including hepatocytes and epithelial
cells. Inhibition of autophagy leads to liver injury whereas autophagy activation protects
against alcohol-induced stress (Ding et al., 2010). Interestingly, chronic alcohol mediated
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liver injury has been associated with inhibition of autophagy while autophagy restoration
decreases the severity of liver damage (Menk et al., 2018, Chao et al., 2018). ROS
generated during alcohol metabolism is a key regulator of autophagic flux. Furthermore,
Inhibiting alcohol metabolism or ROS leads to decreased autophagic activation in HepG2
hepatocytes in vitro (Ding et al., 2010, Thomes et al., 2013). Mechanistically, ROS
mediated oxidation of the autophagy protein ATG4 is thought to be a key step in the
initiation of autophagy (Scherz-Shouval et al., 2007b).
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Figures and Figure legends
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Figure 1. Stem cell model of the esophageal epithelium (Zhang et al., 2017)
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Figure 2. NOTCH1 and NOTCH3 expression in normal human esophageal
epithelium. Arrowheads: membranous staining, arrows: nuclear staining (Ohashi et al., 2010).
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Figure 3. The autophagy pathway. The process starts with the formation of a limiting
double membrane (phagophore) that elongates to engulf cellular components such as
protein aggregates (blue), long lived proteins (green) and damaged organelles (red). The
matured autophagosome then fuses with the lysosome to form autolysosome. Lysosomal
degradative enzyme breakdown the cargo into basic building blocks.
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Figure 4. Multilevel regulation of autophagy by mTORC1. mTORC1 suppresses
autophagy initiation by regulating the process at different levels. Phosphorylation of ULK1
by mTORC1 suppresses its ability to initiate the formation of autophagosomes. Active
mTORC1 blocks the nuclear translocation of the autophagy activating transcription factors
TFEB and TFE3 while promoting the nuclear translocation of the autophagy suppressing
transcription factor FoxK thus exerting transcriptional control over autophagy. Finally,
mTORC1 negatively regulates autophagy at the post-translational level by promoting
DCP2 mediated degradation of autophagy transcripts.
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Figure 5. Regulators of autophagy. Autophagy regulation in cells is tightly coupled to the
nutrient status. Under nutrient sufficient conditions, autophagy is primarily suppressed by the
mTORC1 complex via phosphorylation of ULK1 and various other mechanisms (see figure 3).
Nutrient deprivation leads to increased AMP levels in cells, resulting in the activation of AMPK
and the downstream activation of ULK1, promoting autophagy. In addition, nutrient deprivation
also suppresses mTORC1 activation and relieves its inhibitory effects on ULK1. Nutrient
deprivation/starvation also activates the NAD-dependent deacetylase SIRT1 which activates
autophagy by directly deacetylating nuclear LC3 and via FoXO-Sestrin mediated activation of
AMPK. AMPK mediated autophagy can also be activated by disrupting ER:Mitochondria calcium
transfer, a process that is crucial for the activity of numerous mitochondrial enzymes.
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CHAPTER 2: ALDH2 modulates Autophagy flux to
regulate acetaldehyde-mediated toxicity thresholds
(This part has been published in American Journal of cancer research in 2015)
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Abstract
A polymorphic mutation in the acetaldehyde dehydrogenase 2 (ALDH2) has been
epidemiologically linked to the high susceptibility to esophageal carcinogenesis for
individuals with alcohol use disorders. Mice subjected to alcohol drinking show increased
oxidative stress and DNA adducts formation in esophageal epithelia where Aldh2 loss
augments alcohol-induced genotoxic effects; however, it remains elusive as to how
esophageal epithelial cells with dysfunctional Aldh2 cope with oxidative stress related to
alcohol metabolism. Here, we investigated the role of autophagy in murine esophageal
epithelial cells (keratinocytes) exposed to ethanol and acetaldehyde. We find that ethanol
and acetaldehyde trigger oxidative stress via mitochondrial superoxide in esophageal
keratinocytes. Aldh2-deficient cells appeared to be highly susceptible to ethanol- or
acetaldehyde-mediated

toxicity.

Alcohol

dehydrogenase-mediated

acetaldehyde

production was implicated in ethanol-induced cell injury in Aldh2 deficient cells as ethanolinduced oxidative stress and cell death was partially inhibited by 4-methylpyrazole.
Acetaldehyde activated autophagy flux in esophageal keratinocytes where Aldh2
deficiency increased dependence on autophagy to cope with ethanol-induced
acetaldehyde-mediated oxidative stress. Pharmacological inhibition of autophagy flux by
chloroquine stabilized p62/SQSTM1 and increased basal and acetaldehyde-mediate
oxidative stress in Aldh2 deficient cells as documented in monolayer culture as well as
single-cell derived three-dimensional esophageal organoids, recapitulating a physiological
esophageal epithelial proliferation-differentiation gradient. Our innovative approach
indicates, for the first time, that autophagy may provide cytoprotection to esophageal
epithelial cells responding to oxidative stress that is induced by ethanol and its major
metabolite acetaldehyde. Defining autophagy-mediated cytoprotection against alcoholinduced genotoxicity in the context of Aldh2 deficiency, our study provides mechanistic
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insights into the tumor suppressor functions of ALDH2 and autophagy in alcohol-related
esophageal carcinogenesis.
Introduction
Alcohol consumption is a major environmental risk factor for esophageal squamous cell
carcinoma (ESCC), one of the deadliest forms of all human squamous cell carcinomas
common worldwide (Pennathur et al., 2013b, Rustgi and El-Serag, 2014b, Ohashi et al.,
2015a). Acetaldehyde is a potent carcinogen produced as a result of alcohol
metabolism(Secretan et al., 2009). Specifically, acetaldehyde is generated via ethanol
oxidation through the action of alcohol dehydrogenase (ADH) 1B and/or cytochrome P450
2E1 (CYP2E1) enzymes present in the adult stomach and liver, the primary sites of firstpass metabolism. ADH1B is also expressed in esophageal epithelia; however, the role of
esophageal ADH1B in acetaldehyde production and carcinogenesis remains elusive (Lee
et al., 2006, Yin et al., 1993, Boleda et al., 1989). Additionally, mutagenic levels of
acetaldehyde can be produced by oral microbiota in the saliva of individuals who consume
alcohol beverages (Salaspuro and Salaspuro, 2004, Marttila et al., 2013). Acetaldehyde
facilitates

formation

of

carcinogenic

DNA

adducts

such

as

N2-ethylidene-2-

deoxyguanosine (Hori et al., 2012a, Yukawa et al., 2012, Matsuda et al., 2007), causing
acetaldehyde-mediated DNA damage lesions in oral-esophageal mucosa (Yukawa et al.,
2014a). The mitochondrial enzyme acetaldehyde dehydrogenase 2 (ALDH2) functions to
detoxify acetaldehyde via an oxidation reaction that produces acetate and NADH, the
latter of which facilitates ATP generation via mitochondrial respiration. Reactive oxygen
species (ROS) are generated as byproducts of respiration (Yokoyama et al., 2007). ROS
are important for cell signaling; however, ROS levels must be tightly regulated to prevent
deleterious effects, including damage to intracellular components and cell death. (Murphy,
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2009b). Thus, increased intake or reduced detoxification of acetaldehyde may promote
oxidative stress and DNA damage.
Acetaldehyde accumulation due to reduced ALDH2 activity has been implicated in alcoholrelated carcinogenesis (Pennathur et al., 2013b, Yokoyama et al., 2001, Yokoyama et al.,
2010a). At least 8% of the entire world population, including ~40% of East Asians
(Japanese, Chinese and Korean), is estimated to carry a functional ALDH2 single
nucleotide polymorphism (SNP) that delays acetaldehyde clearance (Brooks et al.,
2009b). This SNP is commonly found amongst individuals (Brooks et al., 2009b) who show
significantly elevated blood, salivary and expiratory acetaldehyde levels following alcohol
consumption (Yokoyama et al., 2010b, Harada et al., 1981, Muto et al., 2002).
Interestingly, acetaldehyde may have organ-specific roles in carcinogenesis since the
ALDH2 SNP is more strongly associated with ESCC and head and neck cancers than
other cancers arising in sites of alcohol absorption and metabolism occur such as the
stomach, intestine and liver (Yokoyama et al., 1998). Alcohol drinking induces esophageal
ALDH2 expression and Aldh2 loss increases oxidative stress in murine esophageal
epithelia (Amanuma et al., 2015a). Nevertheless, long-term alcohol drinking alone fails to
induce neoplastic changes in esophageal epithelia in mice (Osei-Sarfo et al., 2015).
Moreover, Aldh2-/- mice subjected to alcohol drinking show no histological neoplastic
change in esophageal mucosa (Yukawa et al., 2014a), suggesting that fail-safe and
cytoprotective mechanisms may exist to avoid malignant transformation in esophageal
epithelial cells (keratinocytes) exposed to oxidative stress induced by alcohol or
acetaldehyde.
Autophagy (macroautophagy) is a cellular homeostatic and adaptive mechanism activated
in response to physiologic stressors (Mizushima, 2007). Autophagy is mediated by
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autophagic vesicles (AVs) that engulf dysfunctional intracellular components such as
damaged mitochondria. Biogenesis of AVs involves multiple autophagy-related gene
products including microtubule-associated protein 1 light chain 3 (LC3). In response to
oxidative stress, LC3 undergoes proteolytic cleavage (LC3-I) (Scherz-Shouval et al.,
2007a) then lipidation (LC3-II), facilitating the protein’s incorporation into AVs. Subsequent
AV-lysosome fusion allows degradation of autophagic cargo via lysosomal hydrolases.
Autophagy may act as a tumor suppressor as autophagy-deficient mice are tumor prone
to increased oxidative stress (Komatsu et al., 2005, Diakopoulos et al., 2015). Autophagy
has also been implicated in alcohol-related human diseases such as cardiomyopathies
and hepatic steatosis (Dolganiuc et al., 2012, Piano and Phillips, 2014). The role of
autophagy in esophageal keratinocytes exposed to ethanol or acetaldehyde remains
unknown. Herein, we investigate the influence of Aldh2 upon autophagy-mediated
cytoprotection in non-transformed murine esophageal keratinocytes.
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Results
Aldh2 influences cytotoxicity and oxidative stress in esophageal epithelial cells
exposed to ethanol and acetaldehyde
Since esophageal mucosa is directly exposed to ethanol upon alcohol consumption, we
first asked whether esophageal keratinocytes have the capacity to generate acetaldehyde
in response to ethanol exposure. To this end, primary esophageal keratinocytes isolated
from Aldh2+/+ and Aldh2-/- mice (Kitagawa et al., 2000) were exposed to 1.5% ethanol and
evaluated for cell viability and oxidative stress. Within 48 hours, ethanol induced massive
(>40%) cell death as determined by DAPI exclusion analysis in Aldh2-/-, but not Aldh2+/+
cells (Figure 6A). Moreover, flow cytometry for DCF, a general indicator of ROS, revealed
that Aldh2-/- cells exhibit increased oxidative stress under both basal conditions and in
response to ethanol exposure when compared to their Aldh2+/+ counterparts (Figure 6B).
These data suggest that ethanol may be directly metabolized by esophageal keratinocytes
to promote acetaldehyde-mediated oxidative stress and cell death in the absence of
Aldh2. To determine how ethanol is metabolized to cause cytotoxicity and oxidative stress
in esophageal keratinocytes, we utilized the pharmacological ADH inhibitor 4methylpyrazole (4MP) to prevent ADH-mediated oxidation of ethanol and generation of
acetaldehyde. 4MP did not significantly impact cell viability or oxidative stress in Aldh2 +/+
cells responding to ethanol (Figure 6A, B). By contrast, ethanol-induced ROS and cell
death were suppressed in Aldh2-/- cells (Figure 6A, B), suggesting that ADH may play a
role in ethanol metabolism by esophageal keratinocytes.
We next assessed how esophageal keratinocytes respond to acetaldehyde exposure in
primary culture. While acetaldehyde-mediated cytotoxicity was anticipated, caspase 3
cleavage was undetectable by immunoblot analysis in Aldh2+/+ cells treated with
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acetaldehyde up to a concentration of 0.5 mM for 72 hours (Figure 7A). While exposure
to either 1.0 mM or 2.0 mM acetaldehyde promoted caspase 3 cleavage in Aldh2+/+ cells,
the extent of this induction was minimal with 1.0 mM acetaldehyde (Figure 7A). AnnexinV/PI staining further revealed significant induction of apoptosis in Aldh2+/+ cells 72 hours
following exposure to 1 mM acetaldehyde (Figure 7B). By contrast, Aldh2-/- cells exhibited
higher apoptosis rates under basal conditions and in response to acetaldehyde, as
exposure to 1 mM acetaldehyde induced apoptosis in 50% of Aldh2-/- cells within 72 hours
(Figure 7B). Acetaldehyde-mediated cytotoxicity in Aldh2-/- cells was indeed associated
with elevated basal and induced levels of hydrogen peroxide and mitochondrial super
oxide, as evaluated by DCF and mitoSOX assays, respectively. (Figure 7C-E). Of note,
the population doubling time of Aldh2-/- cells (50 hours) was longer than that of than
Aldh2+/+ cells (35 hours), suggesting that Aldh2 may influence cell proliferation as well as
apoptosis by modulating the level of acetaldehyde generated under cell culture conditions
(Shin et al., 2009).
Autophagy is activated as a cytoprotective mechanism in response to oxidative
stress induced by ethanol and acetaldehyde
While excessive ethanol and acetaldehyde may trigger apoptotic cell death, cells may
cope with oxidative stress via autophagy. We hypothesized that autophagy may be
activated to modulate ROS in esophageal keratinocytes exposed to ethanol and
acetaldehyde. Western blotting in Aldh2-/- cells treated with 1 mM acetaldehyde suggested
stress-mediated autophagy activation as LC3 protein lipidation (LC3-II), was induced
following p53 stabilization (Figure 8A). To further evaluate autophagy, we carried out flow
cytometry to for the AV-identifying fluorescent dye Cyto-ID. In Aldh2+/+ cells, Cyto-ID was
induced by both 1.5% ethanol (EtOH) and sublethal concentrations of acetaldehyde (≤1
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mM) in a time-dependent manner (Figure 8B, C). Moreover, Aldh2-/- cells displayed
enhanced basal AV content that was robustly induced in response to exposure to ethanol
or acetaldehyde (Figure 8B, C). Increased AV content may be reflective of enhanced
autophagic or a distal defect in AV clearance. To evaluate autophagy flux, we further used
chloroquine (CQ), a pharmacological autophagy inhibitor that prevents AV-lysosome
fusion. Inhibition of AV-lysosome fusion is expected to stabilize LC3-II and p62/SQSTM
(p62), an autophagy cargo identifying protein that is degraded upon AV-lysosome fusion.
As expected, CQ increased expression of LC3-II as well as p62 in both Aldh2+/+ and Aldh2–
/–

cells under basal conditions (Figure 8D). CQ treatment further augmented expression

of LC3-II in both acetaldehyde-treated Aldh2+/+ and Aldh2–/– cells (Figure 8D). Moreover,
while p62 expression was decreased in Aldh2–/– cells following acetaldehyde exposure,
this effect was blocked via co-treatment with CQ (Figure 8D). These data indicate that
autophagic flux is activated by acetaldehyde especially in Aldh2–/– cells. In Aldh2+/+ cells,
CQ-mediated suppression of autophagy flux also increased both basal and acetaldehydeinduced ROS as determined by DCF assays (Figure 8E), suggesting that autophagy may
be activated to limit oxidative stress. Interestingly Aldh2-/- cells exhibited a basal ROS level
that was significantly higher than Aldh2+/+ cells and that was further augmented upon cotreatment with CQ; however, acetaldehyde-mediated ROS production was only modestly
influenced by CQ in Aldh2-/- cells (Figure 8E). These findings suggest that while autophagy
flux may be present to decrease oxidative stress in Aldh2-/- cells under basal conditions,
autophagy flux may rather be decreased or stalled in the presence of excessive ROS as
found 72 hours following acetaldehyde treatment.
Autophagy flux in esophageal keratinocytes declines in response to extended
acetaldehyde exposure
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To gain further insight into the dynamic nature of autophagic flux in esophageal
keratinocytes, we next visualized autophagy flux in Aldh2+/+ and Aldh2-/- cells stably
transduced with a retrovirus expressing a fusion protein comprising acid-stable mCherry
and acid-sensitive enhanced green fluorescent (EGFP) proteins fused to LC3 (mCherryEGFP-LC3B)(N'Diaye et al., 2009). This reporter detects AVs as fluorescent proteinslabeled LC3-positive puncta expressing either mCherry alone (red puncta) or both
mCherry and EGFP concurrently (yellow puncta). The former represents AVs fused to
lysosomes (autolysosomes) where EGFP is degraded in the acidic lysosomal
environment, thereby indicating autophagic flux. The latter represents AVs that have yet
undergo lysosome-mediated cargo degradation. When Aldh2-/- cells were placed in Hanks'
Balanced Salt Solution (HBSS) for nutrient deprivation, a large number of red puncta
emerged within 8 hours, indicating activation of autophagic flux (Figure 9A). By contrast,
CQ treatment resulted in accumulation of yellow puncta expressing (Figure 9A),
suggesting stalled basal autophagic flux due to inhibition of AV-lysosome fusion. With
these conditions serving as controls, only a small number of LC3 red puncta were
observed in Aldh2+/+ cells under basal conditions while Aldh2-/- cells displayed a significant
increase in red puncta at baseline (Figure 9B, C), suggesting that basal autophagy level
was higher in Aldh2-/- cells than in their Aldh2+/+ counterparts. Following exposure to 1 mM
acetaldehyde, the number of red puncta in both Aldh2+/+ and Aldh2-/- cells were
significantly increased within 4 hours (Figure 9B, C). Thus, autophagy flux is robustly
activated in esophageal keratinocytes upon acute acetaldehyde exposure. Of note,
acetaldehyde-mediated induction of red puncta was more pronounced in Aldh2-/- cells,
suggesting that Aldh2-/- cells may have a greater dependence of autophagy to cope with
acetaldehyde toxicity than Aldh2+/+ cells (Figure 9B, C). Moreover, the number of yellow
puncta became especially apparent in Aldh2-/- cells at 48 hours after acetaldehyde
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stimulation with 53.3% of LC3 puncta identified as AVs (yellow puncta) (Figure 9B, C).
On the contrary, only 16.9% of LC3 puncta were AVs in Aldh2+/+ cells at 48 hours following
acetaldehyde exposure (Figure 9B, C), suggesting that in comparison to cells with intact
ALDH2 expression, Aldh2-/- cells are more prone to autophagy stalling upon prolonged
acetaldehyde exposure which may increase oxidative stress and apoptotic cell death at
later time points.
Esophageal organoids reveal autophagy-mediated regulation of acetaldehydeinduced oxidative stress
We next employed a three-dimensional organoid culture system to evaluate the influence
of acetaldehyde treatment upon esophageal keratinocytes in a more physiologically
relevant context. Acetaldehyde treatment significantly increased the expression of histone
p-H2A.XSer139, an indicator of DNA damage that also serves as surrogate marker for
oxidative stress, in esophageal organoids derived from both Aldh2+/+ and Aldh2-/keratinocytes (Figure 10A, B). DNA damage level in Aldh2-/- organoids treated by
acetaldehyde was significantly higher in Aldh2+/+ organoids treated by acetaldehyde. CQ
treatment in addition to acetaldehyde treatment further increased DNA damage in Aldh2/-

organoids but not in Aldh2+/+ organoids (Figure 10A, B), suggesting that Aldh2-/-

organoids depend on autophagy to decrease oxidative stress.
Alcohol drinking increases AV content in murine esophageal epithelia
Alcohol drinking induces DNA adduct formation, oxidative stress and Aldh2 upregulation
in murine esophageal epithelia (Amanuma et al., 2015a). To determine the influence of
alcohol drinking upon autophagy in esophageal epithelia in vivo, we evaluated expression
of cleaved LC3 in Aldh2+/+ mice provided ad libitum drinking water with or without alcohol
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(10% EtOH) for 8 weeks. A significant elevation of cleaved LC3 expression was found via
IHC in esophageal epithelia of both Aldh2+/+ and Aldh2–/– mice exposed to alcohol as
compared to animals given access to drinking water alone (Figure 11A, B). Despite a
trend suggesting that Aldh2–/– mice may exhibit increased AV content in response to
alcohol drinking as compared to their Aldh2+/+ counterparts no significant difference was
detected between genotypes with regard to LC3 expression (Figure 11A, B). These
results indicate that alcohol drinking enhances AV content in murine esophageal epithelia.
In aggregate, these findings suggest that autophagy may provide cytoprotection to
esophageal epithelial cells from oxidative stress induced by ethanol and its major
metabolite acetaldehyde that is enhanced by ALDH2 dysfunction.
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Discussion
In this study, we have for the first time demonstrated that esophageal keratinocytes
undergo autophagy in response to ethanol or acetaldehyde exposure. Our flow cytometric
and functional assays for ROS, AV content and autophagic flux coupled with esophageal
3D organoids revealed that Aldh2-/- cells display greater oxidative stress, more AV content
as well as higher basal and inducible autophagic flux than Aldh2+/+ cells. Autophagy has
been implicated in a variety of alcohol-related human pathologies. Autophagy contributes
to loss of skeletal muscle mass (aka sarcopenia) in patients with alcoholic liver cirrhosis
and hepatitis (Thapaliya et al., 2014). While autophagy is protective against ethanolinduced liver toxicity(Ding et al., 2010), alcohol-induced steatosis and liver injury are
associated with decreased autophagic flux, which causes accumulation of cytoplasmic
inclusions known as the Mallory-Denk bodies consisting of cytokeratins K8 and K18 as
well as p62 (Rautou et al., 2010). Autophagy is also stalled in alcohol-induced
cardiomyopathy to reduce cardiac muscle contractility (Guo et al., 2012b). Thus, alcoholinduced cellular dysfunction may occur when the level of oxidative stress and other
abnormal substances exceeds cellular autophagic capability to remove them.
Autophagic flux was indeed decreased in acetaldehyde-treated Aldh2-/- cells as a function
of time (Figure 9), providing an explanation for the higher vulnerability to alcohol-induced
toxicity and oxidative stress in the presence of Aldh2 dysfunction. Autophagy defects
cause accumulation of abnormal mitochondria and elevated ROS, culminating in DNA
damage (Mathew et al., 2009, Komatsu et al., 2005). Acetaldehyde causes mitochondrial
degeneration as well as DNA damage and mutations via DNA adduct formation (Hori et
al., 2012b, Matsuda et al., 2007). Nevertheless, mice subjected to alcohol drinking alone
display DNA damage, but not ESCC lesions with or without Aldh2 dysfunction (Seitz and
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Stickel, 2007, Yu et al., 2012). While this may represent a species difference between
human and mice with regard to disease susceptibility, autophagy may have a tumor
suppressor role to maintain genetic stability and cellular homeostasis (Aita et al., 1999,
Yue et al., 2003). Thus, generation of genetically engineered mice with concurrent loss of
autophagy (e.g. Atg7) and Aldh2 functions may be necessary to model alcohol-induced
esophageal carcinogenesis in mice. Additionally, DNA damage normally triggers cell
death or DNA repair functions; however, genetic alterations, such as mutations of the p53
tumor suppressor gene, promote cell survival, resulting in a further increase in abnormal
cells with DNA lesions. p53 mutations are frequently found in ESCC precursor lesions.
Acetaldehyde-mediated DNA damage activates the Fanconi anemia (FA) DNA repair
pathway (Langevin et al., 2011). Patients with Fanconi anemia have an increased risk to
develop young-onset ESCC and other squamous cell carcinomas (Akbari et al., 2011b,
van Zeeburg et al., 2008, Rosenberg et al., 2003). Thus, these pathways may need to be
impaired for survival and malignant transformation of esophageal cells with dysfunctional
autophagy or Aldh2-mediated alcohol detoxification.
Decreased autophagy flux in Aldh2-/- cells was also associated with stabilization of p62
(Figure 9), a tumor promoting multifunctional scaffold protein. During autophagy, p62
directs autophagic cargo toward AVs where p62 is degraded along with autophagic
substrates. Indeed, p62 accumulates in autophagy defective Atg7-/- mouse cells (Wu et
al., 2009, Kahai et al., 2009, Jiang et al., 2012). p62 also suppresses autophagy via
physical interaction with the mammalian target of rapamycin complex 1 (mTORC1)(Duran
et al., 2011), an inhibitor of autophagy. p62 interacts with tumor necrosis factor receptor
family members to activate nuclear factor-κB signaling and expression of proinflammatory
genes (Duran et al., 2008, Lee et al., 2011, Sanz et al., 2000, Samuels et al., 2001,
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Wooten et al., 2001). p62 stabilizes Nrf2 (Komatsu et al., 2010, Lau et al., 2010, Mathew
et al., 2009), another transcription factor mediating cellular antioxidant response (Jain et
al., 2010). While Nrf2 is required for squamous-cell differentiation in the esophagus (Jiang
et al., 2015b), prolonged and enhanced Nrf2 activation impairs epithelial barrier function,
promoting keratinocyte hyperproliferation and inflammation (Schafer et al., 2012). Thus,
diminished autophagy flux in Aldh2-deficient cells under chronic exposure to ethanol or
acetaldehyde may cooperate with p62 to alter esophageal cellular functions and tissue
microenvironment which may then facilitate esophageal cell survival and malignant
transformation.
The use of single cell-derived 3D esophageal organoids in this study represents a novel
approach to elucidate esophageal epithelial function in a tissue-like context. By comparing
Aldh2-/- to Aldh2+/+ organoids coupled with pharmacological inhibition of autophagy flux by
chloroquine, autophagy-mediated inhibition of oxidative stress was found to be
augmented in Aldh2-/- cells, recapitulating a similar finding in Aldh2-deficient murine
esophagi (Amanuma et al., 2015a). However, we did not observe a statistically significant
difference in cleaved LC3 expression between Aldh2+/+ and Aldh2-/- cells, organoids as
well as murine esophageal tissues. Western blotting by an independent anti-LC3 antibody
detecting the lipidated form of LC3 (LC3-II) also showed little difference in the LC3
expression levels between Aldh2-/- and Aldh2+/+ cells although either chloroquine or
acetaldehyde, or a combination of the two, stabilized LC3-II, indicating the presence of
basal and acetaldehyde-induced flux. Thus, LC3 did not appear to be as sensitive of an
indicator of autophagic flux as the mCherry-EGFP-LC3B reporter. Thus, future studies
may require development of functional assays using organoids as well as murine models,
for example, mice carrying EGFP-LC3B reporter although EGFP-LC3B does not
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necessarily distinguish stalled autophagy, given the acid-sensitivity of EGFP.
Alternatively, Cyto-ID fluorescent dye may be used to determine tissue autophagy flux
along with chloroquine.
This study highlights ethanol metabolism in esophageal keratinocytes as suggested by
aggravated oxidative stress and cytotoxicity in ethanol-exposed Aldh2-/- cells. Moreover,
4MP alleviated partially ethanol-induced toxicity in Aldh2-/- cells, suggesting that
acetaldehyde may be produced via multiple ethanol metabolizing pathways utilizing
distinct enzymes including ADH1B and CYP2E1, the latter implicated in alcohol-related
esophageal carcinogenesis (Millonig et al., 2011). Since ethanol impairs esophageal
epithelial transport and barrier functions (Bor et al., 1998), acetaldehyde may be directly
produced in oral-esophageal epithelia in long-term consumer of alcohol beverages,
increasing the risk for carcinogenesis. Interestingly, Aldh2+/+ cells displayed limited
lethality, oxidative stress and autophagy. Such cells may efficiently diminish acetaldehyde
via Aldh2. It is also possible that acetaldehyde-mediated toxicity is alleviated by other
cytoprotective mechanisms such as mitochondrial antioxidant pathways. Given their
higher basal ROS level, Aldh2-/- cells may have more dysfunctional mitochondria. Besides
acetaldehyde, Aldh2 detoxifies endogenous toxic aldehyde 4-hydroxy-2-nonenal (4-HNE)
(Ma et al., 2011, Ge et al., 2015).
A series of studies led by Ren and others show protective myocardial protective roles of
Aldh2 under a variety of conditions, including alcoholic cardiac contractile dysfunction(Ge
and Ren, 2012), myocardial ischemia/reperfusion injury (Ma et al., 2011), diabetesinduced cardiac dysfunction (Guo et al., 2015) and doxorubicin cardiotoxicity (Ge et al.,
2015), where 4-HNE has been implicated. As cigarette smoke extract induces 4-HNE
(Kode et al., 2006), it is plausible that Aldh2 may have broader cytoprotective roles against
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tobacco smoke constituents containing nearly 80 chemical carcinogens including
acetaldehyde(Secretan et al., 2009). Activators of ALDH2 such as Alda-1 (Budas et al.,
2010, Sun et al., 2011) may not only confer cardioprotection, but reduce a cancer risk.
In summary, our innovative approaches provided novel insights into the cytoprotective
roles of Aldh2 and autophagy against acetaldehyde and oxidative stress, respectively,
induced by ethanol or acetaldehyde, key human esophageal carcinogens.
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Materials and Methods
Primary esophageal cell culture, Treatment, Retrovirus-mediated gene transduction
and Live Cell Imaging
Primary murine esophageal keratinocytes (passages 2-5) isolated from Aldh2-/- and control
Aldh2+/+ mice were grown and subjected to treatment with 100% ethanol (Decon Labs,
King of Prussia, PA) or ≥99.5% acetaldehyde (Sigma-Aldrich, St. Louis, MO) as described
previously

(Amanuma et al., 2015a, Kitagawa et al., 2000). To suppress alcohol

dehydrogenase (ADH), cells were treated with 2 mM 4-methylpyrazole (Sigma-Aldrich).
Subconfluent cells were subjected to live cell imaging or other analyses with or without
additional retrovirus-mediated transduction of pBABE-puro mCherry-EGFP-LC3B
(N'Diaye et al., 2009) (a gift from Jayanta Debnath; Addgene, Cambridge, MA; plasmid #
22418) as described previously. Cells expressing mCherry-EGFP-LC3 were imaged using
a Leica DM IRB inverted microscope (Leica Microsystems, Buffalo Grove, IL) and the Find
Maxima feature in ImageJ (National Institutes of Health) to determine mCherry-EGFP-LC3
puncta. At least 50 cells were counted for each condition.
Esophageal 3D Organoid Culture
Using 24-well plates, 5,000 cells were seeded per well in 50µl Matrigel. After solidification,
500 µl of DMEM/F12 supplemented with 1X Glutamax, 1X HEPES, 1X N2 Supplement,
1X B27 Supplement, 0.1 mM N-acetyl-L-cysteine (Sigma-Aldrich), 50 ng/ml mouse
recombinant epidermal growth factor (R&D Systems, Minneapolis, MN), 2.0% Noggin/RSpondin-conditioned media and 10 µM Y27632 (Tocris Biosciences, Bristol, UK) was
added and replenished every other day. Established organoids recapitulate the structural
organization of esophageal epithelium in vivo complete with an outer circular layer of basal
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cells and an innermost keratinized layer at the luminal side.
Organoids were grown for 7 days in growth media before addition of acetaldehyde and/or
Chloroquine (Sigma-Aldrich) for 2 days. Organoids were recovered by digesting MatrigelTM
(BD Biosciences, San Jose, CA) with Dispase I (BD Biosciences, San Jose, CA; 1U/ml)
and fixed overnight in 4.0% paraformaldehyde. Specimens were embedded in 2.0%
Bacto-Agar: 2.5% gelatin prior to paraffin embedding.
Aldh2-knockout (Aldh2-/-) mouse tissues
Paraffin embedded esophageal tissues from Aldh2-/- and control Aldh2+/+ mice treated with
or without 10% ethanol in drinking water for 8 weeks (all male, beginning at the age of 6
weeks) were described previously (Amanuma et al., 2015a).
Immunoblot Analysis
Western blotting was performed as described previously (Ohashi et al., 2010). In brief, 50
μg of denatured protein was fractionated on a NuPAGE Bis-Tris 4–12% gel (Life
Technologies, Grand Island, NY). Following electrotransfer, Immobilon-P membranes
(EMD Millipore, Billerica, MA) were blocked with Dulbecco’s Phosphate-Buffered Saline
(DPBS) containing 0.1% Tween-20 and 5% milk, followed by overnight incubation with the
following primary antibodies: rabbit-anti p53 (1:1000, Vector Laboratories, Burlingame,
CA), rabbit-anti phospho-H2A.X Serine139 (p-H2A.XSer139;1:1000, Cell Signaling
Technology, Danvers, MA), rabbit anti-LC3B (1:1000, Cell Signaling Technology), mouseanti-p62 (1:1000, Sigma-Aldrich) and mouse anti-actin (1:10000, Sigma-Aldrich) at 4°C.
Secondary antibodies (Sigma-Aldrich) were used at 1:10000. Targeted proteins were
visualized using a chemiluminescence detection system (Amersham ECL or ECL Prime;
GE Healthcare Life Sciences; Buckinghamshire, UK) and exposed to Blue Lite Autorad
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film (ISC-BioExpress, Kaysville, UT).
Flow Cytometry
Flow cytometry was performed to determine AVs, ROS and apoptosis using
FACSCalibur™ or LSR II cytometers (BD Biosciences, Franklin Lakes, NJ) and FlowJo
software (Tree Star, Ashland, OR) for cells suspended in DPBS containing 1% bovine
serum albumin (Sigma-Aldrich). AVs were determined with Cyto-ID® fluorescent dye
(Enzo Life Sciences, Farmingdale, NY) by staining cells at 1:1000 at 37°C for 30 min in
1:1 mixture of DPBS containing 1% bovine serum albumin (Sigma-Aldrich) and full
keratinocyte SFM medium (Life Technologies). The status of autophagic flux was
determined by using the pharmacological autophagy inhibitor Chloroquine (CQ).
Chloroquine prevents the fusion of autophagosomes with lysosomes resulting in the
accumulation of autophagosomes which was then confirmed by increased Cyto-ID levels.
ROS were determined with 2’, 7’-dichlorodihydrofluorescein diacetate (DCF) and
MitoSOX™ red mitochondrial superoxide indicator dyes (Life Technologies). Apoptosis
was determined using the Annexin-V-FLUOS kit (Roche, Basel, Switzerland) according
the manufacturer’s instructions. Viability of cells was determined by DAPI (4',6-diamidino2-phenylindole)(Life Technologies) staining.
Histology and Immunohistochemistry
Hematoxylin and Eosin (H&E) staining and immunohistochemistry (IHC) were performed
and evaluated as described previously (Ohashi et al., 2010). Sections were incubated with
anti-cleaved LC3 polyclonal antibody (1:250; Abgent, San Diego, CA), or anti-phosphoHistone p-H2A.XSer139 (20E3) monoclonal antibody (1:250; Cell Signaling Technology,
Danvers, MA) overnight at 4°C. A pathologist (AKS) blind to molecular data scored
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cleaved LC3 and phospho-Histone p-H2A.XSer139 stained specimens based on intensity
and distribution. Intensity of cleaved LC3 staining was evaluated using the following
criteria: Score 1, marginal to mild stain affecting the nuclei of basal and parabasal layers;
Score 2, moderate to intense nuclear staining and occasional cytosolic stain in most
layers, including superficial layers in which nuclear staining was either absent or less
intense than in basal and parabasal layers; Score 3, very intense nuclear stain in all layers
together with obvious cytosolic stain with or without puncta. Cleaved LC3 labeling index
is reported as percent of stained cells in all epithelial layers. Cleaved LC3 score was
calculated by multiplying the values of intensity and the label index. Intensity of pH2A.XSer139 was evaluated using the following criteria: Score 2, strong positive with brown
staining completely obscuring nucleus; Score 1, weak positive with any lesser degree of
brown staining appreciable in cell nucleus; Score 0, absent with no appreciable staining
in cell nucleus. p-H2A.XSer139 labeling index is reported as percent of stained cells in the
basal layer. p-H2A.XSer139 score was calculated by multiplying the values of intensity and
the labeling index.
Statistical Analyses
Data are presented as mean ± standard error. Student’s t test was used to compare two
groups. P<0.05 was considered significant.
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Figures and figure legends
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Figure 6. ALDH2 level determines ROS generation and cytotoxicity in esophageal
epithelial cells exposed to ethanol. A. Aldh2+/+ and Aldh2–/– cells were cultured in the
presence of 1% ethanol with and without 4MP for 48 hours and then stained with DAPI
to assess cell viability by flow cytometry. *, p<0.05 (n=3) compared with Aldh2–/– nontreatment, #, p<0.05 (n=3) compared with non Aldh2–/– treated with EtOH. B. Aldh2+/+
and Aldh2–/– cells were cultured in the presence of 1.5% ethanol with and without 4MP
for 48 hours and then stained with DCF to assess ROS by flow cytometry. *, p<0.05
(n=3) compared with non-treatment, #, p<0.05 (n=3) compared with non Aldh2+/+ nontreatment. †, p<0.05 (n=3) compared with Aldh2+/+ treated with EtOH.
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Figure 7. ALDH2 levels determine ROS generation and cytotoxicity in esophageal
epithelial cells exposed to acetaldehyde. A. Immunoblot analysis was performed to
assess Caspase-3 with β-Actin as a loading control in Aldh2+/+ cells treated with
acetaldehyde. B. Aldh2+/+ and Aldh2–/– cells were cultured in the presence of 1 mM of
acetaldehyde for indicated time periods and then stained with Annexin-V and PI to
assess apoptotic cells by flow cytometry. *, p<0.05 (n=3) compared with 0 h. C. Aldh2+/+
and Aldh2–/– cells were cultured in the presence of 1 mM of acetaldehyde for indicated
time periods and then stained with DCF to assess ROS by flow cytometry. *, p<0.05
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(n=3) compared with non-treatment, #, p<0.05 (n=3) compared with WT non-treatment.
D. Aldh2+/+ and Aldh2–/– cells were cultured in the presence of 1 mM of acetaldehyde for
48 hours and then stained with DCF to assess ROS by flow cytometry. *, p<0.05 (n=3)
compared with non-treatment, #, p<0.05 (n=3) compared with WT non-treatment. E.
Aldh2+/+ and Aldh2–/– cells were cultured in the presence of 1 mM of acetaldehyde for 48
hours and then stained with MitoSOX to assess ROS by flow cytometry. *, p<0.05 (n=3)
compared with non-treatment, #, p<0.05 (n=3) compared with WT non-treatment.
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Figure 8. Autophagy is activated as a cytoprotective mechanism from oxidative
stress induced by ethanol and acetaldehyde. A. Immunoblot analysis was performed
to assess LC3 and p53 with β-Actin as a loading control in Aldh2-/- treated with
acetaldehyde. B. Aldh2+/+ and Aldh2–/– cells were treated with 1 mM acetaldehyde for
indicated time periods. Cells were subjected to flow cytometry for Cyto-ID to determine
relative AV levels. *, p<0.05 (n=3) compared with Aldh2+/+ 0 h, #, p<0.05 (n=3) compared
with Aldh2–/– 0 h. C. Aldh2+/+ and Aldh2–/– cells were treated with 1% EtOH for indicated
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time periods. Cells were subjected to flow cytometry for Cyto-ID to determine relative AV
levels. *, p<0.05 (n=3) compared with Aldh2+/+ 0 h #, p<0.05 (n=3) compared with Aldh2–
/–

0 h. D. Immunoblot analysis was performed to assess LC3 and p62 with β-Actin as a

loading control in Aldh2+/+ and Aldh2–/– cells treated with 1 mM acetaldehyde with and
without 1 µg/ml CQ for 48 hours. E. Aldh2+/+ and Aldh2–/– cells were treated with 1 mM
acetaldehyde with and without 1 µg/ml CQ treatment for 48 hours. Cells were subjected
to flow cytometry for Cyto-ID to determine ROS levels. *, p<0.05 (n=3) compared with
Aldh2+/+non-treatment, #, p<0.05 (n=3) compared with Aldh2–/– non-treatment. †, p<0.05
(n=3) compared with Aldh2+/+ treated with acetaldehyde alone, §, p<0.05 (n=3)
compared with Aldh2–/– treated with acetaldehyde alone.
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Figure 9. Autophagic flux is diminished upon extended exposure to acetaldehyde
in Aldh2-/- cells. A. Live cell imaging determined mCherry-EGFP-LC3B puncta in
Aldh2–/– cells treated with Hanks' Balanced Salt Solution (HBSS) and CQ for 8 hours.
Representative cell images. B. Live cell imaging determined mCherry-EGFP-LC3B
puncta in Aldh2+/+ and Aldh2–/– cells treated with acetaldehyde for indicated time periods.
Representative cell images. C. Histogram of average red (mCherry) puncta/cell and
average yellow (co-localization of red and green puncta) puncta/cell in Aldh2+/+ and
Aldh2–/– cells treated with acetaldehyde for indicated time periods. *, p<0.05 compared
with Aldh2+/+ 0 h, #, p<0.05 compared with non Aldh2–/– 0 h. §, p<0.05 compared with
Aldh2+/+ 0 h.
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Figure 10. Esophageal organoids reveal autophagy-mediated regulation of
oxidative stress by acetaldehyde. Murine esophageal 3D organoids were grown ex
vivo and treated from days 7-9 with 1 mM acetaldehyde and 1 μg/ml CQ as indicated
and subjected IHC p-H2A.XSer139 (DNA damage). A. Representative images. Scale bars,
25 μm. B. p-H2A.XSer139 score in Aldh2+/+ and Aldh2–/– organoids treated with 1 mM
acetaldehyde with and without CQ for 48 hours.*, p<0.05 compared with Aldh2+/+ nontreatment, #, p<0.05 compared with Aldh2-/- non-treatment, §, p<0.05 compared with
Aldh2+/+ treated with AA alone, †, p<0.05 compared with Aldh2-/- treated with AA alone.
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Figure 11. Alcohol drinking increases cleaved LC3 expression in murine
esophageal epithelia. Esophageal epithelia of Aldh2+/+ and Aldh2–/– mice provided with
drinking water supplemented with or without 10% ethanol for 8 weeks were stained for
cleaved LC3 by IHC. A. Representative images. Scale bar, 50 μm. B. Histogram
representing average cleaved LC3 IHC score for indicated genotype and treatment
group (n=5, each groups). *, p<0.05 vs. Aldh2+/+ and water; #, p<0.05 vs. Aldh2-/- and
water.
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CHAPTER 3: The AMPK-Autophagy axis regulates
mitochondrial and redox homeostasis to limit alcoholinduced epithelial injury
(Chandramouleeswaran PM et.al, in preparation)
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Abstract
Objective

Alcohol (ethanol) metabolism promotes oxidative cell injury. Little is known

as to how alcohol affects the esophagus that is susceptible to alcohol-related
carcinogenesis.
Methods Murine and human esophageal epithelial cells (keratinocytes) were exposed to
ethanol in vivo and in vitro, the latter coupled with pharmacological or genetic
modifications of alcohol metabolizing enzymes, mitochondrial respiration complexes,
mitochondrial superoxide, autophagy flux and AMPK for RNA-seq, metabolomics profiling
via liquid chromatography-mass spectrometry, morphological and functional assays of
mitochondria and autophagy.
Results RNA-seq revealed genes and pathways associated with mitochondria, metabolic
processes and DNA damage response following exposure to sublethal levels of ethanol,
which impaired filamentous network and cristae of mitochondria to induce abnormal onionor ring-shaped mitochondria. Such structural changes were associated with mitochondrial
membrane depolarization induced by ethanol oxidation by Cyp2E1 and ADH1B. Ethanol
induced respiration failure, decreased tricarboxylic acid cycle metabolites, increased
mitochondrial superoxide and oxidative stress. Concurrently activated AMPK suppressed
mTORC1 signaling, resulting in autophagy flux activation which appeared to target
depolarized mitochondria for mitophagy to alleviate mitochondrial dysfunction and limit
ethanol-induced cell death.
Conclusion

Alcohol promotes mitochondrial damage and oxidative stress in

esophageal keratinocytes with resulting activation of the AMPK-autophagy axis to provide
cytoprotection and maintain mitochondrial and redox homeostasis under alcohol-induced
stress conditions.
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Introduction
Alcohol (EtOH) and acetaldehyde, latter the chief product of ethanol catabolism,
are major human carcinogens. The foremost target organs for alcohol-related
carcinogenesis is the esophagus whose epithelial cells (keratinocytes) undergo malignant
transformation to give rise to ESCC (Abnet et al., 2018, Islami et al., 2011, Yang et al.,
2017, Secretan et al., 2009), the deadliest of all human squamous cell carcinomas and
common worldwide (Rustgi and El-Serag, 2014a, Pennathur et al., 2013a). Ethanol
breakdown (oxidation) is mediated by alcohol-metabolizing enzymes such as Cyp2E1 and
ADH1B to produce acetaldehyde. Alcohol promotes cell injury by inducing protein and
DNA adducts, the latter a potential precursor for mutagenesis and transformation
(Amanuma et al., 2015b, Yukawa et al., 2014b). In rodents, acute alcohol challenge
promotes DNA damage in hepatocytes in vivo (Navasumrit et al., 2000). DNA damage
has been observed in oral keratinocytes and lymphocytes in human upon acute exposure
to strong alcoholic beverages (Balbo et al., 2012, Garaycoechea et al., 2018).
As the major site of acetaldehyde breakdown, mitochondria are prone to alcohol
induced damage. Mitochondria are the major source of cellular ROS (Murphy, 2009a,
Zorov et al., 2014, Ambrosio et al., 1993, Dan Dunn et al., 2015, Liu et al., 2002).
Mitochondrial dysfunction is associated with increased ROS under genotoxic stress
(Maharjan et al., 2014). Mitochondria themselves are damaged by oxidative stress
(Coughlan et al., 2009). However, the mechanisms underlying alcohol-induced
mitochondrial dysfunction and esophageal cell injury are poorly understood.
Amongst homeostatic cellular process is autophagy, an evolutionarily conserved
stress-response and quality control mechanism that promotes the degradation and
clearance of cytoplasmic substrates including damaged dysfunctional organelles. In
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ESCC, autophagy is involved in the generation of tumor initiating cells and promoting
therapy resistance (Kijima et al., 2019, Whelan et al., 2017). Autophagy inhibition
exacerbates alcohol-induced acute and chronic liver dysfunction in vivo (Chao et al., 2018,
Ding et al., 2010). However, it remains elusive as to how autophagy may be activated in
cells under oxidative stress induced by alcohol exposure.
AMPK is the master sensor of cellular energy status. It is activated by the
serine/threonine kinase LKB1 upon decreased intracellular ATP levels (Shaw et al., 2004).
AMPK activates autophagy upon nutrient stress via inhibition of mTORC1 to permit
activation of pro-autophagic proteins such as ULK1 (Inoki et al., 2003, Gwinn et al., 2008).
Mitochondrial dysfunction and oxidative stress activate AMPK to promote autophagymediated cell survival in hepatocytes and epidermal keratinocytes (Zhao et al., 2016, Ido
et al., 2012). However, it is unknown whether AMPK may mediate autophagy under
alcohol-induced oxidative stress.
Herein, we investigated alcohol-induced cellular and molecular changes in
esophageal keratinocytes in vitro and in vivo. We find that mitochondrial and redox
homeostasis is maintained via AMPK dependent autophagy activation to promote cell
survival under alcohol-induced mitochondrial damage and metabolic stress conditions.
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Results
Alcohol affects mitochondrial gene expression in esophageal keratinocytes
Alcohol may damage organelles including mitochondria, the major source of cellular ROS
(Ambrosio et al., 1993). We have shown that acetaldehyde induces oxidative stress and
apoptosis in esophageal epithelial cells (keratinocytes) (Tanaka et al., 2016a). Mice fed
with alcohol in drinking water display oxidative stress and DNA damage in the esophageal
epithelium (Amanuma et al., 2015b); however, little is known as to what organelles EtOH
may affect in esophageal keratinocytes. Unlike internal organs such as the liver, the
esophageal epithelium are exposed to circulating ethanol as well as a high concentration
(>5%) of EtOH via a direct contact during alcohol drinking. In normal human esophageal
epithelial cell lines, EtOH suppressed cell proliferation in a dose-dependent manner
(Supplemental Fig. 1A); however, a majority (>95%) of cells remained viable
withstanding as high as 2% EtOH in medium for at least 48 h (Supplemental Fig. 1B).
Apoptosis was not significantly induced until cells were exposed to 3% EtOH (data not
shown). Based on these observations, we used 2% as a near-maximum sublethal
concentration of EtOH, unless otherwise noted, to treat esophageal keratinocytes in this
study.
To gain insights into early changes associated with alcohol exposure in an
unbiased manner, we performed RNA-seq analysis of three independent normal
esophageal epithelial cell lines (EPCs) treated with or without EtOH. While 0.1% EtOH
had a minimal impact upon gene expression (q<0.01) (data not shown), 2% EtOH induced
at 8 h significant changes in 6985 genes with 3370 upregulated and 3615 downregulated.
EtOH-induced mitochondrial dysfunction was suggested by canonical pathway analysis
revealing TCA cycle as the most strongly downregulated pathway (Figure 12A). In
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agreement, GSEA revealed mitochondria associated genes including those related to
mitochondrial inner membrane, mitochondrial matrix proteins the respiratory ETC
(respirasomes) amongst the most strongly and negatively enriched gene sets (Figure
12B, Supplemental Fig. 2A and Table 1). Moreover, GO analysis identified “metabolic
processes” as the most highly affected biological process (Figure 12C). These findings
suggest that EtOH affects mitochondrial functions and metabolic activates in esophageal
keratinocytes. Additionally, EtOH downregulated significantly the pathways essential in
DNA damage detection and repair (nucleotide excision repair and ATM signaling) (Figure
12A), suggesting that alcohol-induced stress conditions may be permissive for DNA
damage and subsequent activation of DNA damage check point functions, cell-cycle arrest
and/or apoptosis.
Alcohol damages mitochondrial structures
Given the RNA-seq data, we evaluated how EtOH may influence mitochondrial structures
in esophageal keratinocytes. To this end, we treated three independent normal human
esophageal epithelial cell lines (EPCs) with or without EtOH and performed
immunofluorescence to localize mitochondrial protein ATPB. High-resolution confocal
imaging visualized a well-organized filamentous network of mitochondria in EtOHuntreated (control) cells (Figure 13A). EtOH decreased robustly the filamentous
architecture of mitochondria while inducing unique ring- or donut-shaped mitochondria in
the majority of cells within 8 h of EtOH exposure (Figure 13A). Such structures have been
observed in the context of an energy crisis associated with hypoxia mediated ATP
depletion (Liu and Hajnoczky, 2011). We analyzed further mitochondrial ultrastructure by
TEM. Elongated mitochondria containing prominent cristae were readily detectable in
untreated (control) cells (Figure 13B). In EtOH-treated cells, we observed numerous
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swollen or ring-shaped mitochondria lacking cristae and mitochondria with concentric
“onion-shaped” cristae consistent with damaged mitochondrial structures (Figure 13B).
Thus, sublethal concentration of EtOH may severely affect mitochondrial structures. Of
note, EtOH-treated cells displayed a striking increase in intracellular vacuolar structure
(Figure 13B), reminiscent of AVs. Some of these vacuolar structures contained electron
dense structures and numerous abnormal mitochondria were positioned adjoining to these
vacuolar structures, suggesting that mitochondria-targeted autophagy aka mitophagy may
be occurring.
Alcohol metabolism decreases the mitochondrial membrane potential in
esophageal keratinocytes
Stable ∆Ψm is a salient feature of healthy, functional mitochondria and is essential for the
ETC functions. Changes in ∆Ψm is an early event associated with cell injury and
apoptosis. Alcohol exposure induces mitochondrial depolarization in murine hepatocytes
(Zhong et al., 2014). We evaluated how acute EtOH may influence ∆Ψm in esophageal
keratinocytes by flow cytometry in cells stained concurrently with a ∆Ψm-sensitive MTDR
and ∆Ψm-insensitive MTG dyes.
First, we analyzed esophageal epithelial cells isolated from mice treated with 5
g/kg EtOH via intragastric gavage. EtOH appeared to induce a small subset of esophageal
keratinocytes with decreased ∆Ψm within 8 h (Figure 14A and B). We next reconstituted
esophageal stratified esophageal epithelial-like architecture in 3D organoids with EPC2hTERT cells (Kasagi et al., 2018). In this engineered tissue-like platform, lowering of ∆Ψm
was recapitulated in a subset of cells upon 2% EtOH exposure (Figure 14C). While the
intragastric gavage method may preclude direct contact of the esophageal epithelium with
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alcohol, the 3D organoid model may limit the extent of EtOH exposure due to the enclosing
Matrigel scaffold. We, therefore, evaluated ∆Ψm in EPC2-hTERT cells grown in
monolayer culture.

EtOH induced a cell population with decreased ∆Ψm in a time

dependent manner (Figure 14D). Such a cell population emerged to the highest level by
4 h and declined after 12 h to return to the basal level by 24h. It should be noted that the
frequency of such a cell population detected at 8 h time point was greater than that
observed in 3D organoids or murine esophageal epithelium following 8h of EtOH
exposure.
We next investigated the role of alcohol metabolism in EtOH-induced mitochondrial
membrane depolarization. EPCs express CYP2E1 and ADH1B, two major alcohol
metabolizing enzymes as documented by qRT-PCR analysis (data not shown). Depletion
of CYP2E1 and ADH1B by RNAi in EPC2-hTERT cells prevented significantly EtOH from
inducing mitochondrial depolarization (Figure 14E and F), suggesting direct EtOH
metabolism by esophageal keratinocytes displaying a change in EtOH-induced ∆Ψm.
Moreover, these findings suggest that acetaldehyde, chief EtOH metabolite, may
contribute to the observed mitochondrial structural change and dysfunction.
Alcohol disrupts mitochondrial metabolism to promote oxidative stress
Mitochondrial OXPHOS is the major source of cellular ATP. Given mitochondrial structural
damage and decreased ∆Ψm, it is plausible that the OXPHOS pathway is impaired under
alcohol-induced

stress.

Indeed,

LC-MS

analysis

demonstrated

a

significant

downregulation of TCA cycle-related metabolites in EtOH-treated EPC2-hTERT cells
(Figure 15A). The amount of acetyl-CoA and citrate/isocitrate was increased in EtOH
treated cells, suggesting inhibition in the very first step of the TCA cycle. Several of the
TCA metabolites were robustly decreased with EtOH exposure supporting the notion of
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alcohol-induced inhibition of mitochondrial function (Figure 15A). Glycolysis metabolites
were largely unchanged including that of pyruvate, the final glycolytic metabolite which
enters TCA cycle after being converted to acetyl-CoA (Figure 15B). Finally, lactate levels
were significantly downregulated in EtOH-treated samples, suggesting downregulation of
the anaerobic glycolysis pathway (Figure 15B). Together, these findings indicate robust
metabolic stress in EtOH-treated esophageal keratinocytes.
We next investigated the effect of EtOH on mitochondrial respiration by high
resolution respirometry. While EtOH treatment did not affect the basal oxygen
consumption rate, we observed a severe decrease in substrate specific response of the
mitochondrial complexes. Importantly, EtOH strongly inhibited the activities of complexes
I, II, III and IV in the presence of their respective substrate (Figure 15C). Finally, EtOH
suppressed ATP levels while elevating AMP levels (Figure 15D), suggesting cellular
energy crisis. These findings were consistent with decreased TCA metabolite levels
(Figure 15A) and indicated a strong detrimental effect of EtOH on mitochondrial function
in esophageal keratinocytes.
Inhibition of ETC may activate oxidative stress (Sun et al., 2016). We analyzed the
cellular redox status by LC-MS. The GSH:GSSG ratio, a general indicator of oxidative
stress was decreased in EtOH treated cells, suggesting oxidative stress (Figure 15E).
Furthermore, we determined mitochondria specific superoxide production via flow
cytometry using MitoSox. EtOH increased superoxide levels in esophageal keratinocytes
which was quenched by a mitochondria-targeted superoxide antioxidant MitoCP (Figure
15F), indicating the role of superoxide in EtOH-induced oxidative stress.
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Autophagy provides cytoprotection against EtOH-induced mitochondrial
dysfunction
The fact that esophageal keratinocytes could survive under energetic crisis and oxidative
stress associated with EtOH-induced mitochondrial damage and dysfunction suggest
activation of compensatory pathways for cytoprotection. One such mechanism is
autophagy as we have previously documented esophageal keratinocytes treated with
acetaldehyde (Tanaka et al., 2016a). Therefore, we asked if autophagy protects cells
under EtOH-induced stress. To this end, we first analyzed autophagy flux by immunoblot
analysis for autophagy markers LC3BII and p62 expressed in EPC1-hTERT and EPC2hTERT cells following EtOH treatment along with or without pharmacological autophagy
flux inhibitor CQ. LC3BII, the lipidated form of LC3B, is a key structural component of the
AVs. Increased levels of LC3BII suggest increased formation of AVs. Decreased levels of
the autophagy receptor p62 is also indicative of increased autophagy flux. There was a
reciprocal increase in the LC3BII level and decrease in the p62 level in response to EtOH
treatment in esophageal keratinocytes (Figure 16A). Interestingly, both LC3BII and P62
levels were increased in the presence of CQ, suggesting that EtOH-induced autophagy
flux was active (Figure 16A-C and Supplemental Fig. 3A). We next evaluated AVs
content using Cyto-ID, a fluorescent probe for AVs. EtOH increased Cyto-ID signal which
was further increased by CQ (Figure 16D and Supplemental Fig. 3B). Active autophagy
flux was present in esophageal keratinocytes under extended EtOH exposure (48 h) (data
not shown), suggesting transcriptional regulation of autophagy under EtOH-induced stress
conditions. Upregulation of genes involved in the autophagy pathway was detectable as
early as 8 h or EtOH exposure (Supplemental Fig. 3C).
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We next examined the role of EtOH-induced oxidative stress in autophagy
activation. Quenching of alcohol-induced ROS by the antioxidant NAC or MitoCP resulted
in decreased AV content in EPC2-hTERT cells (Figure 16E). Furthermore, we evaluated
cytoprotection by autophagy in the context of alcohol-induced stress by examining the
survival of esophageal keratinocytes under prolonged suppression of autophagy flux.
Although the majority of EPC2-hTERT cells remained viable following EtOH exposure for
48h (Supplemental Fig. 1A), inhibition of autophagy flux by CQ augmented cell death
induced by EtOH (Figure 16F). Taken together, these findings suggest that EtOH-induced
stress activated autophagy flux in esophageal keratinocytes as a cytoprotective
mechanism.
Autophagy alleviates alcohol-induced mitochondrial and oxidative stress in
esophageal keratinocytes
Mitochondria-targeted autophagy or mitophagy may remove damaged dysfunctional
mitochondria. We addressed the role of autophagy in clearance of mitochondria with
decreased ∆Ψm in the context of alcohol induced stress. CQ enhanced EtOH-induced
accumulation of cells with decreased ∆Ψm and mitochondrial superoxide in EPC1-hTERT
and EPC2-hTERT cells (Figure 17A). We next depleted Beclin1, a key regulator of AVs
formation by RNAi in EPC2-hTERT cells, resulting in a recapitulation of the effects of CQ
(Figure 17B). Finally, we performed RNAi directed against Parkin, a key mitophagy
regulator, which augmented EtOH induction of a subset of cells with decreased ∆Ψm
(Figure 17C). Inhibition of autophagy flux by CQ resulted in elevated EtOH-induced
mitochondrial superoxide level (Figure 17D). Together, these results suggest that
autophagy contributes to the maintenance and mitochondrial homeostasis and redox
balance by clearing damaged mitochondria under alcohol-induced stress.
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AMPK regulates mTORC1 to decrease mitochondrial dysfunction via autophagy
under EtOH-induced oxidative stress and energy crisis.
AMPK is the master energy sensor that plays a key role in maintaining cellular energy
homeostasis. It is activated when cellular ATP is decreased with a reciprocal increase of
AMP. AMPK activation was suggested in EtOH-treated EPC2-hTERT cells as
immunoblotting documented an increase in AMPKα Thr172 phosphorylation (Figure
18A). Interestingly, EtOH-induced AMPK activation was augmented when autophagy flux
was blocked by CQ in the context of alcohol challenge, suggesting the potential role of
AMPK in restoring cellular energy balance under EtOH-induced stress. In agreement,
compound C, a chemical inhibitor of AMPK suppressed basal and EtOH-induced AMPK
activation as corroborated by the decreased Ser79-phosphorylation of ACC, a direct
downstream target of AMPK (Figure 18B). Importantly, AMPK inhibition augmented
accumulation of cells with decreased ∆Ψm in EtOH-treated esophageal keratinocytes
(Figure 18C). AMPK inhibition also upregulated EtOH-induced mitochondrial superoxide
(Figure 18D). Furthermore, pharmacological activation of AMPK via AICAR alleviated
EtOH-mediated ↓∆Ψm (Figure 18E). These findings suggest that AMPK may activate
autophagy to limit mitochondrial dysfunction and oxidative stress under EtOH exposure.
mTORC1 inhibits autophagy while activating anabolic pathways to promote cell
growth and proliferation. AMPK is a major upstream inhibitor of mTORC1 (Inoki et al.,
2003). We hypothesized that EtOH-induced mitochondrial dysfunction activates AMPK to
suppress mTORC1, permitting autophagy-mediated mitochondrial homeostasis. IPA
upstream regulator analysis suggested mTOR and its network are strongly inhibited in
EtOH-treated cells (Supplemental Fig 4A and B). Consistent with this premise, we
observed a robust inhibition of phosphorylation of mTORC1 target S6 in esophageal
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keratinocytes exposed to EtOH (Figure 18F). Importantly, AMPK inhibition by compoundC resulted in partial restoration of mTORC1 activity in EtOH-treated cells (Figure 18G).
Thus, these results suggest that AMPK may mediate mTORC1 inhibition to maintain
mitochondria and redox homeostasis via autophagy during alcohol-induced stress.
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Discussion
The esophageal epithelium is vulnerable to alcohol, a major human carcinogen. In this
study, we have identified the AMPK-mTORC1-autophagy axis (Figure 19) as a key
regulator of mitochondrial homeostasis in the esophageal keratinocytes undergoing
alcohol-induced metabolic stress and energy crisis. We have demonstrated for the first
time that esophageal keratinocytes break down EtOH via enzymatic oxidation where
EtOH-induced perturbation of mitochondrial structures and respiratory functions triggers
AMPK activation and autophagy-mediated cytoprotection.
Alcohol or its metabolites such as acetaldehyde in circulation cause mitochondrial
damage in the liver, the brain, the heart and the muscle (Mansouri et al., 2001, Zhong et
al., 2014). We find that esophageal keratinocytes tolerate 400 mM (2%) of EtOH that is
much higher than most other cell types (e.g. hepatocytes) do. As documented in epidermal
keratinocytes (Farkas et al., 2003, Kharbanda et al., 1993), alcohol tolerance may
represent a unique attribute of keratinocytes that comprise epithelium to form the barrier
between the body and the outside world. Such an alcohol tolerance may be accounted for
by Cyp2E1 and ADH1B (Figure 15E and F). While Cyp2E1 has been implicated in ROS
generation and mitochondrial dysfunction in alcohol-induced hepatic steatosis (Qi et al.,
2013, Butura et al., 2009, Morimoto et al., 1995, Lu et al., 2008), ADH1B depletion had a
more pronounced effects than Cyp2E1 depletion upon mitochondrial membrane
depolarization in esophageal keratinocytes.
ROS play key role in cell signaling under homoeostasis; however, high levels of
ROS promote widespread cell injury and DNA lesions, a precursor for malignant
transformation (Liou and Storz, 2010). Perturbations in mitochondrial respiration results in
dramatic increase in cellular ROS levels (Chen et al., 2007). Our RNA-seq results (Figure
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12) suggest DNA and mitochondria as two foremost targets for EtOH-induced cell injury
in esophageal keratinocytes. We find mitochondrial superoxide as a key ingredient of
alcohol-induced cellular ROS associated with concurrent mitochondrial respiratory failure,
metabolic stress and resulting energy crisis (Figure 15). Thus, mitochondrial superoxide
may be responsible for mitochondrial DNA damage; however, MitoCP (mitochondriatargeted antioxidant against superoxide) diminished autophagy in EtOH-treated cells
(Figure 16E), suggesting that mitochondrial superoxide may also contribute to
cytoprotection by activating autophagy.
Autophagy limits alcohol-induced hepatotoxicity and steatosis in mice (Ding et al.,
2010, Chao et al., 2018). We have previously demonstrated that autophagy prevents
acetaldehyde from inducing DNA damage and apoptosis in esophageal keratinocytes
(Tanaka et al., 2016a). Multiple pathways have been implicated in regulation of autophagy
in the context of alcohol-induced hepatic steatosis (Thomes et al., 2015). In line with such
a notion, several of the upstream regulators of autophagy such as mTOR, FOXO3 and
let7 were significantly altered upon EtOH-induced stress in vitro (Supplemental Fig. 4A).
We have previously demonstrate mitophagy regulates esophageal cancer cell plasticity
and tumor initiating cells in established tumors (Whelan et al., 2017). We now provide
evidence indicating that mitophagy removes damaged and dysfunctional mitochondria in
normal esophageal keratinocytes in response to alcohol exposure (Figure 17D).
AMPK is an essential intracellular energy sensor. Mitochondrial damage has been
implicated in AMPK activation (Chen et al., 2009, Shaw et al., 2004). In this study, AMPK
was activated in the context of EtOH-induced mitochondrial damage and dysfunction
(Figure

13-15).

Importantly,

inhibition

of

AMPK

exacerbated

alcohol-induced

mitochondrial dysfunction and oxidative stress (Figure 18), mirroring the phenotype
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observed under autophagy inhibition (Figure 17). This protective effect of AMPK could be
linked to its negative regulation of mTORC1 signaling as suggested by EtOH-induced
robust suppression of mTORC1 pathway and the subsequent restoration upon AMPK
inhibition (Figure 18). Taken together, our findings reinforce the role for AMPK signaling
in mitochondrial homeostasis and oxidative stress (Ido et al., 2012, Rabinovitch et al.,
2017, You et al., 2004).
The tumor suppressor role of AMPK has been implicated in esophageal
carcinogenesis and tumor progression (Cai et al., 2015, Fan et al., 2018, Feng et al.,
2014). Given AMPK activation in normal esophageal keratinocytes exposed to EtOH
(Figure 18A), it is tempting to speculate that AMPK may limit alcohol-induced esophageal
carcinogenesis by activating autophagy to remove damaged mitochondria producing
DNA-damaging superoxide. However, our findings from this study are limited to a context
of acute alcohol exposure. Chronic alcohol exposure may decrease AMPK activity to
promote hepatic steatosis that was rescued via pharmacological AMPK activation (You et
al., 2004). Further studies are required to understand the role of AMPK in esophageal cell
injury and carcinogenesis that occur in the context of long-term alcohol consumption.
In conclusions, this study provides novel mechanistic insights into the role of
alcohol in human epithelial cell injury. Alcohol damages mitochondria to induce metabolic
stress to activate AMPK and autophagy. Autophagy regulates mitochondrial homeostasis
to promote cell survival.
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Materials and Methods
Reagents and biologicals
All chemicals were purchased from Sigma-Aldrich, MO, USA unless otherwise
noted.
Animal Experiments
C57/BL6 mice (8-12 weeks old male and female) (Jackson laboratory, ME, USA)
received humane care and underwent procedures according to a protocol approved by
IACUC at the University of Pennsylvania. In acute alcohol challenge experiments, mice
were subjected to intragastric gavage with a single bolus of 5g/kg of 100% ethanol (Decon
Laboratories, PA, USA). Control mice were received an equal volume of PBS (Gibco, MD,
USA). Mice were sacrificed 6 hours later and the esophagi were harvested for further
analyses.
Cell culture
Extensively characterized immortalized normal human esophageal keratinocyte
cell lines (EPC series: EPC1-hTERT, EPC2-hTERT and EPC3-hTERT)were cultured in
fully supplemented KSFM(Thermo Fisher Scientific, MA, USA) as described previously
(Kasagi et al., 2018, Kalabis et al., 2012, Whelan et al., 2018). Cells were counted by
Countess™ Automated Cell Counter (Thermo Fisher Scientific) where dead cells were
stained with 0.2% Trypan Blue dye (Thermo Fisher Scientific). For EtOH treatment,
esophageal cells were seeded in 6-well plates at and allowed to reach 80% confluence.
Sub-confluent cells were exposed to 0.01-2% EtOH with serially diluted 100% ethanol in
KSFM. Empty wells were filled with excess ethanol and the plates were tightly sealed with
PARAFILM® M (Sigma-Aldrich) to maintain alcohol saturation. Control cells received
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KSFM only. NAC (Sigma Aldrich), CQ (Sigma-Aldrich) and Mito-CP (a kind gift of Dr.
Balaraman Kalyanaraman Department of Biophysics and Free Radical Research Center,
Medical College of Wisconsin, WI, USA) were reconstituted in water. The AMPK inhibitor
Compound C (EMD Millipore, CA, USA) was reconstituted in DMSO (Sigma-Aldrich) at 10
mM.
Esophageal 3D organoid generation
Esophageal 3D organoids were established from EPC1-hTERT and EPC2-hTERT
cells as described previously (Kasagi et al., 2018). Briefly, live cells were mixed in Matrigel
basement membrane matrix (BD Biosciences, CA, USA) and seeded at 2000 cells per 50
µl Matrigel in each well of 24-well plates (Thermo Fisher Scientific) and grown in KSFM
medium supplemented with 0.6 mM CaCl2 (Sigma-Aldrich). Well established structures on
day 10 were exposed to 2% EtOH for 8 hrs. Organoids were trypsinized and dissociated
into a single suspension for flow cytometry.
RNA interference and transfection
SiRNA directed against PARK2 (Silencer Select s224170 and s10043), BECN1
(Silencer Select s16537 and s16358), ADH1B (s1061, s1062, s1063) and CYP2E1
(s3837, s3838, s3839) or a non-silencing control sequence (SCR Silencer Select Negative
Control #1) were purchased from Thermo Fisher Scientific. Reverse transfection was
performed using Lipofectamine RNAi Max reagent (Thermo Fisher Scientific) as described
previously (Whelan et al., 2017).
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qRT-PCR
RNA isolation, cDNA synthesis and qRT-PCR were performed as previously
described

(Ohashi

et

al.,

2010)

using

the

following

primers:

ATG7-R

AGCCCACAGATGGAGTAGCAGTTT-3’),

MAP1LC3B-F

TCCCATGCCTCCTTTCTGGTTCTT-3’),

ATG7-F

(5’(5’-

(5’-AAAGACCCTGG

AGAAAGAGTGGCA-3’), MAP1LC3B-R (5’-ACTGGTACACTGCTTTCCGTA-3’), ATG14F

(5’-TCGCAAACTTGGTGACCTGGTAGA-3’),

TGGGATCGTCGAAGATTTG

CCAGA-3’),

ATGTCCACAGAAAGTGCCAACAGC-3’),

ATG14-R
BECN1-F

BECN1-R

(5’(5’(5’-TGCAT

TCCTCACAGAGTGGGTGAT-3’), ACTB-F (5’-TTGCCGACAGGATGCAGAA-3’) and
ACTB-R (5’-GCCGATCCA CACGGAGTACT-3’). Relative target mRNA level was
normalized to ACTB.
Immunofluorescence
Cells were grown on glass coverslips, fixed in 4% formaldehyde for 20 minutes,
permeabilized with 0.1% Triton X-100 in DPBS, and blocked with 5% bovine serum
albumin for 1 hour. Cells were incubated with mouse anti-ATPB (3D5) (1:1000; ab14730;
abcam USA) overnight at 4ºC, and then with mouse-Cy2-conjugated secondary antibodies
(1:100; Jackson ImmunoResearch, PA, USA) for 1 hour at room temperature. Nuclei were
counterstained by DAPI (1:10000; Thermo Fisher Scientific). Stained objects were imaged
with a Leica SP5 FLIM confocal microscope.
Immunoblot analysis
Immunoblotting was performed as described previously (Whelan et al., 2017). The
following primary antibodies were purchased from Cell Signaling Technology (Danvers,
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MA, USA) and used at the indicated dilutions: rabbit anti-LC3B (1:1000; 2775), mouse
anti-p62/SQSTM1 (D-3) (1:1000; sc-28359), rabbit anti-phospho-S6 (Ser 235/236)
(1:1000, 2211), mouse anti-S6 (1:1000, 2317), rabbit anti-phospho-ACC (1:1000, 3661),
rabbit anti-ACC (1:1000, 3662), rabbit anti-phospho-AMPK (1:1000, 2535), rabbit antiAMPK (1:1000, 2603) and mouse anti-β-Actin (AC-74) (1:10000; A5316; Sigma-Aldrich).
Densitometry of resulting signals was performed with Image J (National Institutes of
Health).
Flow cytometry
Flow cytometry was performed using LSR II (BD Biosciences) and FlowJo software
(Tree Star) as described previously (Rabinovitch et al., 2017, Tanaka et al., 2016a). In
brief, autophagosome (i.e. AVs) content was determined with Cyto-ID® fluorescent dye
(ENZ-51031; Enzo Life Sciences, NY, USA). ROS were determined with DCF (10 μM;
D399; Thermo Fisher Scientific) and MitoSOX™ for mitochondrial superoxide (M36008; 5
μM; Thermo Fisher Scientific). Cells were incubated with MTG (1:20,000; M7514; Thermo
Fisher Scientific) and MTDR (1:50,000; M22426; Thermo Fisher Scientific) in KSFM at
37°C for 30 min to determine mitochondrial mass and mitochondrial membrane potential,
respectively. DAPI staining was done to determine cell viability.
LC-HRMS
To determine TCA cycle metabolites, 5 x 105 EPC2-hTERT cells were seeded in
10 cm tissue culture dish and cultured in compete KSFM media. Sub-confluent cells were
further cultured in regular KSFM media or media containing 2% EtOH for 8 hrs. Cells were
washed twice in 0.9% NaCl and then 1000 µl ice cold methanol/water (4/1 v/v) was added
together with a mixture of internal standards as previously described (Guo et al., 2016).
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Cells were scraped and sonicated for 30 sec followed by centrifugation at 16,000 g for 10
min. Supernatants were moved to clean tubes and dried under nitrogen for quantification
of polar metabolites after resuspension in 100 µl 5% sulphosalicylic acid. LC-HRMS was
performed as previously described (Trefely et al., 2018).
High resolution respirometry
Cells were treated with either 0% or 2% EtOH for 8 h and were re-suspended at a
concentration of 1.0 x 106/ml in pre-warmed MIRO5 respiration buffer, containing 110 mM
mannitol, 0.5 mM EGTA, 3 mM MgCl2, 20 mM taurine, 10 mM KH2PO4, 60 mM Klactobionate, 0.3 mM dithiothreitol, and 0.1% fatty acid-free bovine serum albumin at
pH7.2. A standard substrate/inhibitor titration protocol was used for functional analysis of
esophageal cell respiratory function (Sims et al., 2018). The cells were subjected to the
respirometer and after stabilization the baseline oxygen consumption were measured
using high-resolution respirometry at 37°C with constant stirring on the Oxygraph-2k
FluoRespirometer (Oroboros Instruments, Innsbruck, Austria), then were permeabilized
with 3-4 µl of 1µg/µl digitonin and allowed to stabilize for 5 min. Following stabilization,
real-time oxygen concentration and flux data were continuously collected using substrates
and inhibitors for the ETC. Complex I-dependent respiration was induced by adding 10
mM pyruvate, 10 mM malate, and 1 mM adenosine diphosphate to the respiration
chamber. In order to determine Complex II-dependent respiration, 0.5 µM rotenone, a
selective inhibitor of Complex I, was added followed by 10 mM succinate. 5 µM antimycin
A was then added to inhibit complex III followed by 0.5 mM N,N,N',N'-Tetramethyl-pPhenylenediamine and 2 mM ascorbate as artificial substrates for complex IV. This
protocol was completed within 40 min. The data were analyzed using DatLab software 4.3
(Oroboros Instruments).
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ATP/AMP determination
ATP/AMP ratio was quantified using the ATP/ADP/AMP assay kit (Biomedical
Research Service Center, State University of New York at Buffalo, NY, USA). Samples
were prepared based on manufacturer’s recommendation. Briefly, 2-3 x 105 cells were
harvested with Trypsin-EDTA and pelleted in 250 µg/ml soybean trypsin inhibitor (Thermo
Fisher Scientific) dissolved in DPBS. Cell pellets were washed twice in PBS and
resuspended in 100 µl ice-cold water and vortexed to disrupt the pellet. Cell lysates were
boiled at 100°C for 10 min following which lysates were clarified by centrifugation at 14,000
rpm for 5 min at 4°C. Supernatants were either used immediately or stored -80°C until
use. Each sample and ATP standard was assayed in duplicate. Luminescence was
measured using the GloMax®-Multi Detection System (Promega, WI, USA).
Transmission Electron Microscopy (TEM)
TEM was performed as described previously (Whelan et al., 2017). In brief, cells
were fixed with 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M cacodylate buffer
(pH 7.4) at 4°C overnight. Samples were further processed at the Electron Microscopy
Resource Laboratory at the University of Pennsylvania. Images were obtained using a
JEOL 1010 electron microscope (JEOL USA, MA, USA) fitted with a Hamamatsu digital
camera (Hamamatsu, Boulder CO, USA) and AMT advanced imaging software (Advanced
Microscopy Techniques, MA, USA).
RNA-Seq library preparation and sequencing
To generate total RNA library with rRNA depletion, the TruSeq Stranded Total RNA library
kit (Illumina, CA, USA) was utilized. Libraries were produced using liquid handler
automation with the Sciclone NGSx Workstation (PerkinElmer, MA, USA). This procedure
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was started with a rRNA depletion step with target-specific oligonucleotides with
specialized rRNA removal beads which remove both cytoplasmic and mitochondrial rRNA
from the total RNA. Following this purification, RNA was fragmented using a brief, hightemperature incubation. The fragmented RNA was then reverse transcribed into firststrand cDNA using reverse transcriptase and random primers. Second strand cDNA was
generated using DNA polymerase which was then used in a standard TruSeq Illuminaadapter based library preparation. Library preparation consisted of four main steps:
unique adapter-indexes were ligated to the RNA fragments, AmpureXP bead purification
occurred to remove small library fragments, the libraries were enriched and amplified
using PCR, and the libraries underwent a final purification using AmpureXP beads. Upon
completion, library quality was assessed using an automated electrophoresis instrument,
the PerkinElmer Labchip GX Touch, and qPCR using the Kapa Library Quantification Kit
and Viia7 real-time PCR instrument. Libraries were diluted to the appropriate sequencer
loading concentration and pooled accordingly to allow for the desired sequencing
depth. RNA libraries were sequenced in one lane of the Illumina HiSeq2500 sequencer
using the High Output v4 chemistry and paired-end sequencing (2x100bp).
RNA-seq data analysis
RNA-seq reads were demultiplexed using the DRAGEN genome pipeline (Goyal
et al., 2017). FASTQ files were aligned to hg19 reference using the STAR (v.2.6.1) aligner
with default settings (Dobin et al., 2013). Generated BAM files were read into the R
statistical

computing

environment.

Gene

counts

were

obtained

using

the

GenomicAlignments package. Differential expression analysis was performed using the
R/Bioconductor package DESeq2 which uses a negative binomial model. Analysis was
performed using standard parameters with the independent filtering function enabled to
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filter genes with low mean normalized counts. The Benjamini-Hochberg adjustment was
used to estimate the false discovery rate (Padj) and correct for multiple testing. FDR (Padj
<0.01) was used to identify differentially expressed genes in each condition. These genes
were

then

analyzed

using

the

Ingenuity

IPA

(QIAGEN,

https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis) software for
functional annotation and to identify upregulated or downregulated pathways in each
dataset (Kramer et al., 2014).
Statistical analyses
Data were analyzed as indicated using Prism 7.0 software (GraphPad, CA, USA).
p <0.05 was considered significant. Equal variance across groups being compared was
confirmed by Bartlett’s test (for ANOVA) or F-test (Student’s t-test).
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Figures and Figure legends
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Figure 12. Acute alcohol promotes robust inhibition of mitochondrial gene
signature in human esophageal keratinocytes. RNA-Seq was performed on 3
independent human esophageal epithelial cell lines (EPC series). EPC1-hTERT, EPC2hTERT and EPC2-hTERT were treated with or without 2% EtOH for 8 hrs. (A) Bar graph
of canonical pathways significantly dysregulated in EtOH-treated cells (p<0.01, z<-2 and
>2). (B) Gene Set Enrichment Analysis (GSEA) revealed negative enrichment of gene
sets associated with mitochondrial structural and functional components including
oxidative phosphorylation. ES, Enrichment score; NES, Normalized enrichment score. C)
Bar graph of gene ontology analysis showing biological processes significantly altered by
EtOH.
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Figure 13. EtOH induces changes in mitochondrial architecture. Confocal
microscopy identifies EtOH-mediated disruption of mitochondrial architecture in
esophageal keratinocytes (A) stained for the mitochondrial protein ATPB. Insert
demonstrates normal filamentous mitochondria in control cells and donut/circular
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mitochondria in EtOH-exposed cells. White arrows (bottom panel) identify circular/donut
shaped mitochondria. Original magnification, 63x. TEM captured EtOH-induced
ultrastructural changes in esophageal keratinocytes (B). *, Mitochondria lacking cristae,
(black arrows) onion/ring shaped mitochondria. ¶, Mitochondria enclosed in vacuolar
structures. Original magnification: 60,000X. Scale bar = 200nm. Images are
representative of two independent experiments.
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Figure 14. EtOH induces esophageal keratinocytes with lowered membrane
potential. Flow cytometry analysis of ∆Ψm in esophageal epithelial cells stained with MTG
and MTDR. Dot plots (A) and quantification (B) of cells with decreased ∆Ψm (↓∆Ψm) in a
trapezoid box in esophageal epithelial cells isolated from mice received PBS (control) or
5g/kg EtOH via intragastric gavage. n=3/condition. *p<0.05 vs PBS. (C) Quantification of
cells with decreased ∆Ψm in esophageal 3D organoids (EPC2-hTERT cells) exposed to
2% EtOH for 8 hrs. n=3/condition. *p<0.05 vs EtOH (-) using student’s t-test. (D)
Quantification of cells with decreased ∆Ψm in EPC2-hTERT cells grown in monolayer
following 2% EtOH stimulation for 8 hrs. n=3/condition. *p<0.05 vs 0hr suing student’s ttest. EPC2-hTERT cells were transfected with siRNA targeting ADH1B (E) or CYP2E1
(F) or non-silencing scramble control siRNA (SCR) for 48hrs. Cells were treated with or
without 2% EtOH for 8 hrs. Bar graphs (E and F) demonstrate fold change (mean ± sem)
in cells with ↓∆Ψm. n=3/condition. *p<0.05 vs. SCR and EtOH (-), #p<0.05 vs. SCR and
EtOH (+), using student’s t-test.
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Figure 15. EtOH inhibits ETC to promote oxidative stress. LC-MS was used to quantify
TCA cycle (A) and glycolytic metabolites (B) in EPC2-hTERT cells exposed to 2% EtOH
for 8 hrs. Bar graphs represent mean ± sem for each sample. n=3/sample, *p<0.05 vs
EtOH (-) using student’s t-test. (C) Mitochondrial respiration was examined in EPC2hTERT cells exposed to 2% EtOH for 8 h via high resolution respirometry. Bar graph
demonstrate decreased substrate-dependent oxygen consumption (mean ± sem) under
EtOH exposure. N=3/sample, *p<0.05 vs EtOH (-).

(D) AMP and ATP levels were

quantified from EPC2-hTERT cells exposed to 2% EtOH for 8 hrs. Bar graphs represent
the mean ± sem for each sample. n=3/condition. *p<0.05 vs. EtOH (-) using student’s ttest. The reduced and oxidized forms of glutathione (GSH and GSSG) levels were
determined using LC-MS. (E) Bar graphs represent fold change of mean ± sem of
GSH:GSSG ratio. *p<0.05 vs EtOH (-), n=3/condition. Flow cytometry analysis of
mitochondrial superoxide using MitoSox in EPC2-hTERT cells exposed to 2% EtOH in the
presence or absence of Mito-CP. Bar graphs represent mean ± sem. *, p<0.05 vs. EtOH
(-) and Mito-CP (-); #, p<0.05 vs. EtOH (+) and Mito-CP (-). n=3/condition.
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Figure 16. EtOH activates autophagy in esophageal keratinocytes. EPC1-hTERT and
EPC2-hTERT cells were expose to 2% EtOH for 8 h in the presence or absence of 1µg/ml
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CQ, autophagy flux inhibitor. Immunoblot analysis determined the expression of indicated
regulators of autophagy (A). β-actin was used as loading control. Densitometry indicates
fold changes in expression levels of LC3BII (B) and P62 (C). AVs content was assayed
via flow cytometry for Cyto-ID in EPC2-hTERT exposed to alcohol in the presence of
1µg/ml CQ (D), 2 mM NAC, or 1 nM Mito-CP. Bar graph denotes fold change (mean ±
sem) in AVs content. *, p<0.05 vs. EtOH (-). n=3/condition. Cell viability was quantified
using trypan blue exclusion test (F) in EPC2-hTERT cells exposed to 2% EtOH in the
presence of 1 µg/ml CQ. Data presented as mean ± sem. n=3/condition. *, p<0.05 vs.
EtOH (-) and CQ (-); #, p<0.05 vs. EtOH (+) and CQ (-) using student’s t-test.
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Figure 17. Autophagy rescues mitochondrial dysfunction under EtOH induced
stress in esophageal keratinocytes. EPC1-hTERT and EPC2-hTERT cells were exposed to
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2% EtOH for 8 h in the presence or absence of 1 µg/ml CQ. Flow cytometry was performed to
quantify cells with decreased ΔΨm (↓ΔΨm) using MTG and MTDR dyes (A). Data presented as
mean ± sem. *, p<0.05 vs. EtOH (-) and CQ (-); #, p<0.05 vs. EtOH (+) and CQ (-). n=3/condition.
EtOH-induced changes in ∆Ψm was quantified using flow cytometry in EPC2-hTERT cells
subjected to siRNA mediated deletion of BECN1 (B) and PARK2 (C). Data presented as mean ±
sem. *, p<0.05 vs. SCR and EtOH (-); #, p<0.05 vs. SCR and EtOH (+) using one-way anova. (D)
Flow cytometry quantification of mitochondrial superoxide (MitoSox) in EtOH-exposed EPC2hTERT cells in the presence of 1 µg/ml CQ. *, p<0.05 vs. EtOH (-) and CQ (-); #, p<0.05 vs. EtOH
(+) and CQ (-). n=3/condition.

99

100

Figure 18. AMPK regulates mitochondrial homeostasis and oxidative stress under
EtOH-induced stress. EPC2-hTERT cells were exposed to 2% EtOH for 8 h in the
presence or absence of 1 µg/ml CQ. Immunoblot analysis confirming increased
phosphorylation of AMPKα (A) and ACC (B) upon EtOH exposure. Immunoblot
demonstrating decreased basal and EtOH-induced ACC phosphorylation in the presence
of AMPK inhibitor comp-C (B). Flow cytometry identifies increased accumulation of cells
with decreased ΔΨm (↓ΔΨm) (C) and increased mitochondrial superoxide (D) under EtOH
exposure with concurrent AMPK inhibition. Bar graphs represent mean ± sem of 3
replicates. *, p<0.05 vs. EtOH (-) and comp-C (-); #, p<0.05 vs. EtOH (+) and comp-C (-)
using one-way anova. (E) Flow cytometry identifies decreases in cells with ↓∆Ψm under
EtOH exposure with concurrent AMPK activation with AICAR (1mM). *, p<0.05 vs. EtOH
(-) and AICAR (-); #, p<0.05 vs. EtOH (+) and AICAR (-).

Immunoblot analysis

demonstrating EtOH-mediated inhibition of phosphorylation of S6 protein, an mTORC1
substrate (F) in EPC1-hTERT and EPC2-hTERT cells. (G) Immunoblot analysis
demonstrating restoration of S6 protein phosphorylation in EPC2-hTERT cells exposed to
EtOH concurrent with AMPK inhibition by comp-C.
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Figure 19. Model. Alcohol inhibits mitochondrial function to promote oxidative and
energetic stress. Autophagy is activated via AMPK to restore mitochondrial homeostasis
and redox balance.
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Supplemental Figures
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Supplemental Figure 1: Alcohol decreases cell proliferation in esophageal
keratinocytes: Trypan blue exclusion assay was used to quantitate cell viability (A) in
EPC2-hTER cells exposed to various concentrations of alcohol for 8hrs. Data presented
as mean ± sem. n=3/condition. *, p<0.05 vs. 0% using student’s t-test. Cell proliferation
was assayed using WST-1 reagent (B) in EPC2-hTERT cells exposed to various
concentrations of alcohol for 48 hrs. Data presented as mean ± sem. n=6/condition. *,
p<0.05 vs. 0% using student’s t-test; ns, not significant.
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Supplemental Figure 2: Alcohol activates gene signature associated with cellular
and mitochondrial injury: (A) GO analysis identifies significantly altered (q<0.05) cellular
components in esophageal keratinocytes under EtOH-induced stress.
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Supplemental Figure 3: Alcohol activates autophagic flux in esophageal
keratinocytes: (A) Immunoblot analysis identified the expression of autophagic proteins
LC3BII and P62 in EPC1-hTERT cells exposed to 2% EtOH for 8h. β-actin was used as
endogenous control. AVs content was quantified by flow cytometry using the dye Cyto-ID
(B) in EPC1-hTERT cells exposed to 2% EtOH in the presence or absence of CQ. Data
presented as mean ± sem. n=3/condition. *, p<0.05 vs. EtOH (-) and CQ (-), #, p<0.05 vs.
EtOH (+) and CQ (-) using student’s t-test. qRT-PCR quantification of genes involved in
autophagy pathway (C). Data presented as mean ± sem. n=3/condition. *, p<0.05 vs.
EtOH (-).
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Supplemental Figure 4. Pathway analysis EtOH-exposed esophageal
keratinocytes: (a) Bar graph showing most activated (red) and inhibited (blue) upstream
regulators (top 10 and bottom 10) identified using IPA analysis (cut-off: q<0.01, z<-2 and
Z>2). (b) The mechanistic network of upstream regulator mTOR demonstrating nodes
activated (orange) or inhibited (blue). Color intensity represents level of activation or
inhibition with darker shades mean strong activation or inhibition. Dashed lines indicate
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indirect inhibition (orange), activation (blue) or predictions inconsistent with the state of
downstream molecule (yellow). Dashed grey lines represent unpredicted interactions.
Numbers in boxes indicate the number of isoforms for the indicated gene in this data set.
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Tables and Table legends
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GO ID

Name

NES

FDR

No. of
genes

0005743

Mitochondrial inner membrane

-2.37

8.34E-4

126

0005759

Mitochondrial matrix

-2.34

6.67E-4

135

0070469

Respiratory chain

-1.87

1.87E-2

25

0098798

Mitochondrial protein complex

-2.51

0E0
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Table 1: Alcohol inhibits mitochondrial gene signature: List of mitochondria related
genes identified to be significantly negatively enriched in the context of alcohol-induced
stress in esophageal keratinocytes. (NES: Normalized enrichment score, FDR: False
discovery rate)
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CHAPTER 4: Summary
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Alcohol (ethanol) metabolism involves 2 major steps: 1) breakdown of alcohol into
acetaldehyde and 2) enzymatic conversion of acetaldehyde in the mitochondria into
acetate. While step 1 of this reaction is catalyze by the cytoplasmic enzymes CYP2E1
and/or ADH, step 2 is catalyzed exclusively by the mitochondria resident enzyme ALDH2.
Acetaldehyde generated in the first step of alcohol metabolism is a major human
carcinogen. The oral cavity and esophagus are exposed to some of the highest levels of
alcohol and acetaldehyde in the human body. Incidentally, squamous cell caners of the
oral cavity and esophagus have a strong correlation with alcohol consumption. While
extensive work has been performed on elucidating pathways and mechanisms involved in
alcohol-mediated liver dysfunction, very little is known about its effect on the esophageal
epithelium. Thus, the current study focused on the investigation of alcohol-induced cellular
damage and cytoprotective pathways in esophageal keratinocytes. We used multiple
model systems and approaches to elucidate the interaction between alcohol and
esophageal keratinocytes. The key findings have been summarized below.

Alcohol metabolism promotes oxidative stress and cellular injury
Alcohol metabolism has been implicated in oxidative stress mediated liver injury.
Furthermore, chemical or genetic inhibition of alcohol metabolism via ADH and/or CYP2E1
is protective against alcohol-mediated cellular injury and liver dysfunction. In line with that,
we observed enhanced oxidative stress in human and murine esophageal keratinocytes
exposed to alcohol and acetaldehyde respectively. Additionally, the importance of alcohol
metabolism in promoting oxidative stress was highlighted by the exacerbation of
acetaldehyde-induced ROS levels in Aldh2-/- murine esophageal keratinocytes.
Importantly, inhibition of alcohol metabolism rescued alcohol-mediated mitochondrial
depolarization in human esophageal keratinocytes.
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Autophagy protects against alcohol-induced oxidative stress
Autophagy is activated conditions of stress as a cytoprotective mechanism. Autophagy
protects against acute and chronic alcohol-mediated liver dysfunction in mice. Here, for
the first time we demonstrate autophagy activation in esophageal keratinocytes in
response to alcohol and acetaldehyde. Human and murine keratinocytes exposed to
alcohol in vitro activated autophagy in a time dependent manner as determined by
immunoblot analysis and confocal microscopy. Furthermore, we documented autophagy
induction in vivo in a murine model of alcohol consumption. Finally, our RNA-Seq analysis
on human esophageal keratinocytes exposed to alcohol identified several activating
factors of autophagy such as FOXO3 and let7 be up-regulated. To our knowledge this is
the very first demonstration of alcohol-mediated autophagy induction in esophageal
keratinocytes.
From a functional standpoint, Inhibition of autophagy in the context of alcohol-induced
stress resulted in enhanced oxidative stress, accumulation of mitochondrial damage and
ultimately cell death in vitro. Interestingly, autophagy inhibition exacerbates alcoholmediated oxidative stress and cellular injury in cells lacking ALHD2. Thus, autophagy
could be a key mechanism involved in maintaining cellular homeostasis under alcoholic
stress, especially in the context of ALDH2 dysfunction.

ALDH2 protects against alcohol-induced stress in esophageal keratinocytes
ALDH2 polymorphism (rs673) is associated with increased risk of ESCC in alcohol
drinkers. The rs673 polymorphism (E487K) decreases the enzyme activity by over 50%
in conditions of heterozygosity and almost completely inactivates the enzyme under
homozygosity. Studies in liver and heart have demonstrated the critical role for ALDH2 in
maintaining cellular homeostasis and mitochondrial health (Mali et al., 2016). An earlier
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study had demonstrated increased DNA-adduct formation in ALDH2 knock-out mouse
esophageal epithelium upon alcohol consumption (Amanuma et al., 2015b). Furthermore,
ALDH2E487K

have

increased

susceptibility

to

chemical

carcinogen-induced

hepatocarcinogenesis (Jin et al., 2015).
Herein, we show that loss of ALDH2 in murine esophageal keratinocytes is associated
with increased basal and alcohol induced oxidative stress. Importantly, ALDH2-/- cells
showed increased levels of mitochondrial superoxide at basal levels and in response to
acetaldehyde exposure. Consistent with higher oxidative stress, ALDH2-/- cells displayed
higher levels of basal and acetaldehyde-induced DNA damage. All this contributed to
increased sensitivity of ALDH2-/- cells to acetaldehyde exposure as apparent by increased
apoptosis and cell death. Taken together, our observations corroborate a protective role
for ALDH2 in the esophageal epithelium in the context of alcohol-induced stress.
We noticed an overreliance on the autophagy pathway in cells lacking ALDH2. Firstly,
these cells displayed increased autophagic flux under basal and acetaldehyde exposure
conditions which when inhibited resulted in increased oxidative stress and DNA damage.
Thus, autophagy could be possibly involved in the regulation of genotoxic stress under
conditions of ALDH2 dysfunction.

Mitochondria are the major target of alcohol-induced damage
Mitochondria being the major site of acetaldehyde metabolism is at the greatest risk of
alcohol-induced damage. Our studies identified robust inhibition of mitochondrial gene
signatures in esophageal keratinocytes exposed to alcohol. These gene sets include those
part of both structural and functional components including those that are involved in
oxidative phosphorylation (OXPHOS). Structural analysis revealed several abnormalities
in mitochondrial architecture in alcohol exposed human esophageal keratinocytes. Some
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of these damaged structures (onion/ring/donut shaped) have been previously reported in
the context of metabolic and oxidative stress.
Indeed, we observed dramatic decrease in OXPHOS capability in alcohol exposed
esophageal keratinocytes. Alcohol diminished TCA metabolite levels and lowered ATP
and increased AMP levels in vitro. Respirometry analysis revealed robust inhibition of
electron transport chain (ETC) complexes which would explain the metabolic phenotype
observed under conditions of alcohol exposure. Earlier studies have identified disruption
of mitochondrial respiration as a major source of oxidative stress. Consistent with this, we
observed increase in general and mitochondria specific oxidative stress in esophageal
keratinocytes exposed to alcohol.
Finally, we observed alcohol-mediated mitochondrial depolarization in esophageal
keratinocytes in vitro, ex vivo and in vivo. As opposed to the strong changes observed in
mitochondrial structure and function, the changes in mitochondrial membrane potential
were rather modest and seemed to affect only a small subset of cell population. This is
rather surprising considering the key role of mitochondrial membrane potential in ETC and
warrants further investigation. Taken together, our data offers strong evidence for alcoholmediated mitochondrial damage in esophageal keratinocytes as the process underlying
oxidative and metabolic stress.
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FUTURE DIRECTIONS
While our studies have provided novel insights into the interaction between the
esophageal epithelium and alcohol, they raise many interesting questions as well. Firstly,
while our study identified a possible role for AMPK dependent regulation of autophagy in
the context of alcohol induced stress, it might not be the sole/major pathway involved here.
Indeed, our RNA-Seq identified many additional regulators of autophagy including FOXO3
and the micro RNA let-7. FOXO3 has been previously reported to play a protective role in
alcohol-mediated hepatotoxicity via the regulation of autophagy (Ni et al., 2013). However,
a role for let-7 in the regulation of cellular homeostasis under alcohol-induced stress in not
well explored.
Another important and exciting future direction is to characterize the role of ALDH2-E487K
mutation in alcohol-induced cellular injury in esophageal keratinocytes. While we used
ALDH2-/- cells in our study, they may not recapitulate the biological and functional
significance of the mutation. Studies utilizing mouse models and 3D organoid systems are
currently underway to address this issue. Such studies will be crucial for the development
of new therapeutic strategies for prevention and/or cure for ESCC in the high-risk
population.
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